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ABSTRACT
PREPARATION AND CHARACTERIZATION OF MICROCELLULAR FOAMS
PROCESSED IN SUPERCRITICAL CARBON DIOXIDE
MAY 1999
KELYN A. ARORA, B.S., CHRISTIAN BROTHERS UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professors Thomas J. McCarthy and Alan J. Lesser
The aim of this research program was to elucidate the process-structure-property
relationships that occur in the fabrication of microcellular foams using supercritical (SC)
CO2. The first goal was to develop an understanding of the microcellular foaming
process for a homogeneous system (polystyrene was chosen as a model). Rapid
decompression of a SC COi-saturated substrate at sufficiently high temperatures (above
the depressed Tg) yields expanded microcellular foams. Foam structure and density can
be controlled by manipulating processing conditions such as temperature, pressure,
depressurization profile and vessel geometry. The foams were found to have either
isotropic or transversely isotropic monodisperse cells ranging from 0.5 to 100 |im in
diameter. The foamed samples either retained the geometry of the initial substrate or
were expanded into the shape of the vessel in which they were made, depending on the
conditions.
The compressive behavior and microcellular collapse mechanisms of the
polystyrene foams produced in SC CO2 were evaluated. The effects of cell geometry on
vi
the compressive strength were determined, and a buckling model was used to explain the
results. The foams were found to have yield strengths exceeding those of conventional
foams of equivalent density. The microcellular buckling mechanisms have been
identified and it was found that collapse proceeds in a heterogeneous, progressive
fashion. By analysis of the collapse behavior as a "reverse necking" phenomenon, a
model was developed, using energy balance arguments, that describes the energy
required for microcellular collapse. Additional studies were performed that explored the
effects of material heterogeneity, constrained boundary conditions, temperature, and
strain rate on the mechanical properties of the foams.
Polymer blends having kinetically trapped morphologies were made via the
supercritical COi-assisted infusion of styrene monomer into and subsequent free-radical
polymerization within solid polymer substrates. Blend composition and phase
morphology were controlled by varying monomer concentration, reaction time and
reaction temperature. Annealing studies were performed to evaluate the stability of the
blends. Attempts to expand poly(tetrafluoroethylene-co-hexafluoropropylene
(FEPVpolystyrene blends into composite foams were unsuccessful due to large scale
phase separation. Expansion of poly(4-methyl-l-pentene) (PMP)/polystyrene blends was
successful, and experiments were carried out to determine the effects of blend
composition and phase morphology on foam structure.
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CHAPTER 1
INTRODUCTION
1.1 Overview
The use of supercritical fluids (SCFs) in the processing of polymer foams and
composites has been a topic of intense interest in recent years. The unique properties of
SCFs, such as adjustable solvent strength, plasticization, and enhanced diffusion rates
allow for the synthesis and production of polymeric materials with unique morphologies
and properties. CO2 has been shown to swell and significantly plasticize many
amorphous polymers, often reducing the glass transition temperature to values
approaching room temperature. CO2 presents an obvious environmental advantage over
conventional chlorofluorocarbon foaming agents or organic solvents. The aim of this
research program was to elucidate the process-structure-property relationships that occur
in the fabrication of microcellular foams using supercritical (SC) CO2.
Chapter 2 describes experiments that were performed in order to develop an
understanding of the microcellular foaming process for a homogeneous system
(polystyrene was chosen as a model). This work also served as control experiments for
the subsequent blend expansions, in which polystyrene was always one component.
Rapid decompression of a SC COi-saturated substrate at sufficiently high temperatures
(above the depressed Tg) yields expanded microcellular foams. Insight was gained into
methods to control the foam structure and density by manipulating processing conditions
such as temperature, pressure, depressurization profile and vessel geometry. The foams
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were found to have monodisperse cells ranging from 0.5 to 100 |im in diameter that were
either isotropic or transversely isotropic. Foamed samples retained the geometry of the
initial substrate under some conditions, or expanded to the shape of the vessel in which
they were made under others.
Chapter 3 presents an investigation into the compressive behavior and
microcellular collapse mechanisms of polystyrene foams produced in SC CO2. The
effects of cell geometry on the compressive strength were determined, and existing
models were used to explain the results. The microstructure of these foams was found to
be very effective for enhancing yield strengths - exceeding those of conventional foams
of equivalent density. The microcellular buckling mechanisms were identified and it was
found that collapse proceeds in a heterogeneous, progressive fashion. By analysis of the
collapse behavior as a "reverse necking" phenomenon, a model was developed, using
energy balance arguments, that describes the energy required for microcellular collapse.
Additional studies were performed to explore the effects of material heterogeneity,
constrained boundary conditions, temperature, and strain rate on the mechanical
properties of the foams.
Chapter 4 describes initial efforts at producing composite microcellular foams
from fluoropolymer/polystyrene blends made using SC CO2. Polymer blends having
kinetically trapped morphologies were made via the SC COi-assisted infusion of styrene
monomer into and subsequent free-radical polymerization within solid polymer
substrates. Blend composition and phase morphologies were controlled by varying
monomer concentration, reaction time, and reaction temperature. Attempts to expand th
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blends into composite foams were unsuccessful, but provided valuable insight for
subsequent studies.
Chapter 5 describes the creation of poly(4-methyl-l-pentene) (PMP)/polystyrene
composite foams. Blends were prepared both in SC CO2 and by extrusion. Annealing
studies were performed to evaluate the stability of the blends. Expansion of these
materials was successful, and experiments were carried out to determine the effects of
blend composition and phase morphology on foam structure. In addition, the foaming of
PMP itself proved to be quite interesting due to its unique crystal structure.
The balance of this chapter provides background information on the properties of
supercritical fluids that are relevant to this work and on the preparation and properties of
microcellular foams that have been reported in the literature.
1.2 Microcellular Foams
Microcellular foams are typically defined as those materials having cell sizes on
the order of 10 |im or less. Applications for these types of materials include separation
media, adsorbents, controlled release devices and catalyst supports.' Very low-density
microcellular foams have also been used in specialized physics experiments. ^-^ In many
cases, microcellular foams have been shown to exhibit high impact strength, high
toughness, high stiffness-to-weight ratios, high thermal stability, low dielectric constants
and low thermal conductivity. More will be said about the mechanical properties of
microcellular foams in section 1.2.2.
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1 .2. 1 Methods of Preparation
One conamon method for preparing these types of microcellular materials is
thermally induced phase separation (TIPS).^^^ (See Figure 1.1) In this method, a
polymer is dissolved in an appropriate hydrocarbon solvent (e.g. polystyrene in
cyclohexane^), placed into a mold and then cooled rapidly until the solvent is frozen.
The solvent is then removed by freeze-drying, leaving behind the polymer as a foam.
Supercritical extraction has also been used as a means of solvent removal. The density of
the foam is determined by the original concentration of the polymer in solution. The
morphology of the foam is determined either by liquid-liquid phase separation, which
may occur prior to freezing of the solvent, or liquid-solid phase separation, which occurs
when the solvent freezes before phase separation. The major disadvantage of this type of
process is the use of solvents. Complete solvent removal can be difficult and may
damage the cellular structure in the process.
Figure 1.1: Schematic diagram of a thermally induced phase separation (TIPS) process
for producing microcellular foams.^
T
Composition
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In the 1980s, Nam Suh reported the use of inert gases such as CO2 and N2 for the
generation of microcellular foams. Typically, a polymer sample is saturated with a gas at
moderate pressures and at temperatures close to room temperature. The sample is
subsequently removed from the vessel and foamed by heating to a temperature above the
normal glass transition in a high temperature bath. (See Figure 1
.2)
CO^orN^
Room
Temperature
saturate
''- '"- '*- '' '*
vent
quench
^/^/^ 'A 'J* '^ 'J- - ^
microcellular structure nucleation and growth
supersaturated
polymer
heat above To
Figure 1.2: Schematic illustration of the microcellular foaming procedure developed by
Suh using inert gases as foaming agents."^'^
Materials that have been foamed by this method include polystyrene"^"^,
polycarbonate'^'io, poly(ethylene terephthalate)' polyimide^, polysulfone^, poly(vinyl
chloride)!^ and styrene-acrylonitrile copolymer'"^. This method can produce
microcellular foams with cell densities ranging from 10^ to lO'^/cm^ and cell sizes from
0. 1 to 50 microns. These foams have a structure that consists of a cellular core
surrounded by a nonporous skin layer. The existence of a skin layer has been attributed
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to the fact that gas molecules near the edges of the samples can diffuse out of the sample
faster than they can join nuclei and form cells.
In addition to this batch process, Nam Suh and coworkers have developed a
semicontinuous manufacturing process using a modified thermoforming process,^ and a
continuous extrusion process for producing microcellular foams. '5-i9 addition to
studying homogeneous systems, the nucleation of microcellular foams with additives has
been examined in order to study the differences between homogeneous and
heterogeneous nucleation of cells and when each will occur, and to model the nucleation
mechanisms involved in different regimes. Systems of study include polystyrene-zinc
stearate'*'20'2i and polystyrene-high impact polystyrene. ^2,23
Goel and Beckman reported a different foaming method in which the polymer is
saturated with CO2 at relatively high temperatures and pressures (in the supercritical
regime) followed by rapid depressurization to atmospheric pressure at constant
temperature (Figure 1.3).24.25 method takes advantage of the depression of the Tg by
CO2 instead of heating the polymer above its normal Tg. The driving force for cell
growth is the temperature difference (T-Tg). Rapid depressurization at a constant
temperature generates the pores and drives the system towards vitrification, freezing in
the microstructure. This is the method that was used to create all of the microcellular
foams described in this work.
Goel and Beckman have also developed a homogeneous nucleation model to
predict the effects of temperature, saturation pressure and time of saturation on the cell
nucleation density and cell size. 24 In addition they have modeled the formation of the
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non-porous skin layer by solving the unsteady state differential mass balance equation
it applies to the desorption of CO2.25
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Figure 1.3. Schematic illustration of the microcellular foaming procedure developed by
Goel and Beckman using supercritical carbon dioxide as the foaming agent. ^'^•^^
1.2.2 Mechanical Characterization
A typical cellular solid will show a compressive stress-strain curve with three
distinct regions: linear elasticity (controlled by cell wall bending) at small strains, a
collapse plateau associated with collapse of the cells through elastic buckling or brittle
crushing, and a densification region where the solid is compressed after opposing cell
walls impinge.26 (See Figure 1.4) According to Shaw and Sata, the collapse of cells that
occurs in the plateau region takes place in a "rowlike" manner. 27 Collapse is initiated at
a set of cells that are weak due to an initial imperfection. Thereafter, neighboring layers
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of cells begin to deform. This results in bands of collapsing cells that thicken until the
entire body is consumed. The deformation occurs at a constant stress value lower than
the yield stress until all rows have collapsed. The stress then rises further due to
deformation of the collapsed structure. This phenomenon has also been observed in the
compression of wood^s and metal honeycombs.29
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Figure L4: Typical stress-strain curve for a cellular solid in compression.
Most compression studies of microcellular foams have been carried out on those
produced by the TIPS process which have very low densities. Jackson, Shaw and Aubert
measured the linear elastic modulus in dynamic tension/compression of open celled
microcellular foams such as polystyrene, PMP, polyacrylonitrile and polyCy-benzyl-L-
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glutamate) with densities ranging from 0.04 to 0.13 g/cm^30 They found that the
modulus values were adequately described for some materials by Gibson and Ashby's
prediction (equation 1.2). 26
Ef
(1.2)
'
E
Pf
where Es and ps are the Young's modulus and density of the solid polymer and Ef and pf
are the values for the foam. The values for polystyrene and polyacrylonitrile, however,
fell below the theoretical curve. They believe this could be due to an imperfect cell
geometry or the inefficient use of the polymer in making up the cell microstructure.
Williams reported moduli data for PMP foams (0.02 < pf < 0.09) measured by a
penetrometer method that found values well below the theoretical prediction in contrast
to the data reported by Jackson et al.^' He explained this by developing an expression to
account for a non-contributing mass fraction of material. This data is shown in Figures
1.5 and 1.6.
Ozkul, Mark and Aubert^^ measured the elastic and plastic mechanical responses
of microcellular foams of isotactic polystyrene, polyacrylonitrile, PMP, polyurethane and
Lycra® having densities in the range of 0.04 to 0.27 g/cm^ also prepared by the TIPS
process. They found that the moduli and collapse stresses of microcellular foams are
lower than those of conventional foams at the same densities (Figures 1 .5 and 1 .6), and
the shapes of the stress-strain curves are different in that they did not show a plateau
region (Figure 1.7).
In order to understand the reasons for the low properties and changes in the shape
of the stress-strain curves, the authors tested conventional foams that were punctured
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with needles to introduce defects throughout the structures. In these cases, collapse
occurs at the weakest struts, which are located throughout the structure, instead of row by
row, as it did for the undamaged samples. The stress did not stay constant during
collapse, but rose continuously, as was observed for the microcellular foams. In addition,
the compressive modulus and strength were lowered.
They explain the microcellular foam data in terms of defects that exist within the
microcellular structure due to solvent removal or nonuniform temperature distributions
during the foaming process. They suggest that . . any new method that reduces the
defects the foams contain should also significantly improve their mechanical properties".
Therefore, one of the goals of this work was to use supercritical CO2 as a foaming agent
to produce foams having fewer defects and therefore enhanced mechanical properties.
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Figure 1.5: Compression moduli of conventionally prepared microcellular foams as a
function of relative density in comparison with Gibson and Ashby's isotropic foam
model.26.30,31
11
Figure 1,6: Compressive yield stress of conventionally prepared microcellular foams as a
function of relative density in comparison with Gibson and Ashby's foam isotropic foam
model.2632
12
COMPRESSIVE STRAIN
Figure 1.7: Stress-strain curves in compression for microcellular foams prepared by a
thermally induced phase separation process, (a) polyurethane (b) isotactic polystyrene (c)
polyacrylonitrile (d) poly(4-methyl-l-pentene) (e) isotactic polystyrene (Reproduced
from Ozkul, Mark, and Aubert^^)
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In addition to the compressive behavior studies on microcellular foams produced
by the TIPS method, a great deal of work has been done characterizing other mechanical
properties of microcellular foams produced using inert gases as foaming agents. As
described earHer, these foams were produced by saturation of a sample with CO2 or N2 at
room temperature over several days, followed by a release of pressure and immersion in a
high temperature bath to induce foaming. In general, these samples were not highly
foamed, retain their initial geometries, and exhibit density reductions of less than 30%.
Collias and Baird found that microcellular polystyrene showed an increased
tensile toughness over that of the unfoamed material, increasing with higher cell
densities. These experiments were also done with microcellular foams of
polycarbonate and styrene-acrylonitrile copolymer (SAN), but no improvement in
properties was found for these materials. In impact tests, both notched and unnotched
microcellular polystyrene samples showed some limited improvement in terms of the
maximum load and total energy per unit thickness, presumably because the presence of
microbubbles causes an increase in crack initiation energy and a decrease in crack
propagation energy. SAN showed no improvement.
Weller et al. measured the tensile properties of microcellular poly(vinyl chloride)
(PVC) with relative densities ranging from 0.38 to 1.0 and found that the tensile modulus,
yield strength, ultimate tensile strength (UTS) and toughness all decrease linearly with
decreasing density. ^6 The percent reduction in modulus and yield strength was greater
than the corresponding density reduction, but the relative UTS and strain at break were
reduced by less than their corresponding density reductions.
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1.3 Supercritical Fluids
A supercritical fluid (SCF) is a substance at conditions above its critical
temperature (Tc) and pressure (PJ. The properties of SCFs are well known and
comprehensive reviews are available.37 Reviews are also available that cover the
interaction of polymers with SCFs.38-39 The purpose of this section is to describe some
of the properties of SCFs (carbon dioxide in particular) that can be exploited in the
production of polymer foams and blends.
Two important features that distinguish SCFs from conventional liquid solvents
are the facts that SCFs are compressible, allowing pressure to be adjusted as an
independent variable, and that SCFs have no surface tension.39 Some other
distinguishing characteristics of SCF solvents are their adjustable solvent strength and
gas-like diffusivities. Table 1 . 1 provides a comparison of some of the properties of SCFs
and liquids, demonstrating the unique and tunable nature of a SCF .40
Table 1.1: Comparison of representative properties for supercritical fluids and liquids
Solvent Diffusivity
(cm^/sec)
Viscosity
(cps)
Density
(g/cm-^)
Surface
Tension
(dynes/cm)
SCF 0.02-0.05 0.2-1.0 0
Liquid 10-^ 1 0.8 20-50
The solvent strength of a SCF is related to the density of the fluid. The adjustable
nature of this solvent strength is due to the strong pressure dependence of the density near
the critical point. Figure 1.8 illustrates this point for supercritical (SC) CO2.
SC CO2 has Tc = 3rC and Pc = 1070 psi (72.8 atm). These critical conditions are
relatively mild compared to other SCFs which can be used. CO2 is known to be a poor
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solvent for most polymers (with some exceptions such as siloxanes and amorphous
fluoropolymers), however, it has been shown to be a highly effective plasticizer for many
amorphous polymers .41-45 This C02-induced plasticization is illustrated by the examples
of polystyrene and poly(methyl methacrylate) (PMMA) shown in Figures 1.9 and 1.10
respectively. The Tg depression is key to the foaming process, allowing foams to be
produced at much lower temperatures.
The adjustable solvent strength of SCFs can also be used to control the degree of
swelling in a polymer substrate. Figure 1.11 shows data of Wissinger and Paulaitis
illustrating the pressure dependence of sorption of CO2 in polystyrene. The amount of
CO2 absorbed by a polymer substrate has direct consequences on the degree of
supersaturation in the polymer following depressurization in a foaming experiment. By
adjusting the absorbed amount, cell nucleation rate and density can be controlled.
The diffusion of small molecules into CO2 - swollen polymers is greatly enhanced
over that under normal conditions, and can be controlled by manipulating CO2 pressure.
This can be exploited in order to infu.se CO2 - soluble penetrants (such as monomer and
initiator) into a polymer substrate, as was demonstrated by Watkins for the synthesis of
polymer blends.^o Figure 1.12 illustrates the enhanced diffusivities of small molecules in
CO2 - plasticized polymers.46.47
The partitioning of reagents between the SCF phase and a SCF-swoUen polymer
phase can also be readily manipulated through changes in the pressure of the CO2. Shim
and Johnston48 measured partition coefficients for the C02-toluene-silicon rubber system
as a function of the CO2 pressure. Their data is illustrated in Figure 1.13. This type of
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control over the partitioning of reagents can be utilized when running reactions within
solid polymer substrates.
Another feature of SC CO2 that makes it desirable as a solvent is its ease of
removal. This is particularly important in the production of foams. Typically, any
solvents used to create the cellular structure must be removed by some method such as
freeze-drying or extraction. With SC CO2 however, the solvent or foaming agent is
removed simply by releasing pressure, turning it into a gas, which easily diffuses out of
the polymer substrate. This eliminates any damage to the microcellular structure that
could occur due to surface forces encountered during solvent removal.
Relative to conventional solvents and foaming agents that are hydrocarbon or
chlorofluorocarbon substances, CO2 is an environmentally benign solvent and is easily
recycled, making it more attractive for use as environmental regulations become stricter.
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Figure 1.8: Pressure dependence of carbon dioxide density.
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Figure 1 .9: Depression of Tg in CO2 - plasticized polystyrene."^
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Figure 1.10: Depression of Tg in CO2 - plasticized PMMA.42,43
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23
CHAPTER 2
PREPARATION AND CHARACTERIZATION OF MICROCELLULAR
POLYSTYRENE FOAMS PROCESSED IN SUPERCRITICAL CO2
2.1 Introduction
The McCarthy research group has developed a novel method for producing
polymer composite materials that involves the supercritical fluid (SCF) - assisted infusion
of vinyl monomers into, and subsequent free-radical polymerization within and onto,
organic polymer substrates. 50-54 For example, styrene can be polymerized within
semicrystalline and amorphous polymer substrates to create polymer blends with
kinetically trapped morphologies. The intent of this research project was to extend this
approach to create composite microcellular foams using SC CO2 as both the solvent for
chemical modification reactions and as the foaming agent.
As described in Chapter 1 , others have demonstrated that CO2 can be used to
foam amorphous materials such as poly(methyl methacrylate), polystyrene,
polycarbonate and poly(ethylene terephthalate).6-8.i 1,12,24,25 Typically, a polymer sample
is saturated with CO2 (or nitrogen) at room temperature and subsequently removed from
the vessel and foamed by heating to a temperature above the normal glass transition (Tg)
in a high temperature bath. Goel and Beckman24.25 have reported a different foaming
method in which the polymer is saturated with CO2 at relatively high temperatures and
pressures (in the supercritical (SC) regime) followed by rapid depressurization to
atmospheric pressure at constant temperature. This method takes advantage of the
depression of the Tg by CO2. CO2 is known to swell and significantly plasticize many
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amorphous polymers, often reducing the glass transition to temperatures approaching
room temperature.'^' •'^2,45,55,56
SCFs offer many desirable properties as both solvents and foaming agents
including adjustable solvent strength 4'^-46,57 plasticization, and enhanced diffusion
rates 46,57 sin^e CO2 is a gas at ambient conditions, the solvent rapidly dissipates upon
release of pressure. A pressure quench from SCF conditions at constant temperature also
assures that no vapor/liquid boundary is encountered which can damage the cellular
structure of a foam. Finally, CO2 presents an obvious environmental advantage over
conventional CFC foaming agents or organic solvents.
In this chapter, the preparation of microcellular polystyrene foams using SC CO2
as a foaming agent is described. The targets for microcellular composite foams consist of
a matrix polymer and an incipient polystyrene phase, as these blends have been
thoroughly studied by the group. The experiments described here were envisioned as
single component control experiments for the blend expansion studies. In addition, the
single component studies provide the necessary understanding of the microcellular
foaming process that is required before working with a more complex blend system.
Microcellular polystyrene foams produced using SC CO2 are interesting and unique in
their own right as well. By first gaining control over the density and cellular structure of
the foams, their properties can then be tailored to meet a specific requirement. The goal
of this portion of the project was to understand how processing variables such as foaming
temperature, saturation pressure, depressurization rate, depressurization profile and vessel
size affect the resulting microcellular morphology and foam density.
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2.2 Experimental Procedures
2.2.1 Materials
Polystyrene was purchased from Scientific Polymer Products Inc. in the form of
pellets and used as received or compression molded at 150 °C into 1/16 inch - thick
plaques. Molecular weight was measured using a Polymer Laboratories gel permeation
chromatograph with THF as the mobile phase and found to be Mn = 67,000 with a
polydispersity of 2.3. The reported density was 1 .04 g/cm^ and infrared spectroscopy
showed no measurable impurities. CO2 (Coleman Grade, 99.99%) was purchased from
Merriam Graves and used as received.
Injection molded bars of styrene-acrylonitrile copolymer (SAN), high impact
polystyrene (HIPS), and acrylonitrile-butadiene-styrene (ABS) were donated by Bayer
Corporation. The SAN is a single phase containing approximately 24% acrylonitrile
(AN) by weight. The HIPS is not manufactured by Bayer, but reportedly consists of
styrene-butadiene block copolymer rubber particles in the 1 to 5 )im range, dispersed in a
continuous phase of polystyrene. The ABS has a continuous SAN phase of about 30%
AN by weight, and a rubber content of approximately 15% in a bimodal particle size (0.2
and 1 [im mean diameter). It also contains approximately 1% carbon black. The
3 3
densities of the samples were measured and found to be 1.08 g/cm for SAN, 1.04 g/cm
for HIPS, and 1 .09 g/cm^ for ABS.
2.2.2 Methods
A schematic diagram of the foaming procedure is shown in Figure 2.1. Foams
were prepared in high-pressure vessels (10 mL volume) fabricated from hexagonal pipe
and threaded to accept % in NPT fittings. One end of the vessel was plugged and the
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other attached to an 1/8 in high-pressure valve (High Pressure Equipment). Glass culture
tubes were used as liners to facilitate removal of the foamed samples. Polystyrene in the
form of pellets or a compression-molded plaque was weighed and placed in the glass tube
inside the steel vessel. The vessel was then preheated and filled with SC CO2 to the
desired pressure, using a heated high-pressure CO2 manifold modified only slightly from
the one designed by Watkins.^o It was then placed in a circulating oil bath to soak at the
foaming temperature for a prescribed period of time until saturation conditions were
reached. At the end of this period, the vessel was depressurized at the soak temperature
following one of two protocols. For rapid depressurization down to atmospheric
conditions, a valve was opened, immediately venting the CO2. For depressurization over
a period of time or releasing the pressure to an intermediate pressure, a back-pressure
regulator (Tescom Corporation) was connected and used to control the pressure drop.
After decompression, the vessel was removed from the temperature bath, allowed to cool,
and the specimen was removed.
The foams were characterized for their densities, cell sizes and cell shapes.
Densities were calculated by measuring the volume of water displaced by the sample and
dividing this value into the sample mass. The volume of water displaced by a sample
was measured by one of the following techniques. A graduated cylinder was filled to a
specific line and then the foam sample was submerged in the cylinder. A syringe was
used to remove the water necessary to bring the water down to the original level. This
amount of water was then weighed. Since water has a density of 1 .0 g/cm , this gave the
volume of the foam sample. For small foam samples, the measurement of sample volume
was done within a syringe. A syringe with water drawn to a line was weighed. The
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sample was then placed in the syringe, which was then filled with water to the same line.
After removing any air bubbles, the syringe was reweighed. Knowing the sample mass
and the syringe mass, the weight of the displaced water can be calculated, again yielding
the sample volume.
The cellular structure of the foams was examined by first cryo-fracturing the
specimen at liquid N2 temperatures, then sputter-coating with gold and viewing with a
JEOL 35CF scanning electron microscope (SEM). Foams were fractured in two
perpendicular directions and the cells examined in both planes to determine if any
anisotropy exists. Zeiss Image Analysis software was used to measure the average value
and distribution of foam properties such as cell diameter, cell wall thickness and aspect
ratio.
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Figure 2.1: Schematic diagram of microcellular foaming procedure using
supercritical
CO2.
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2.3 Absorption Kinetics
The equilibrium solubility and kinetics for absorption and desorption of CO2 in
polystyrene (from which the CO2 diffusivity can be calculated) at a given set of
processing conditions (80 °C, 3530 psi) were measured according to the method
described by Berens.46,57 j^red 1/16 inch thick compression molded polystyrene
samples were placed in individual high-pressure vessels, which were then purged with
CO2, filled to the desired pressure and temperature and left to soak for prescribed periods
of time. After rapid venting of the vessels, the samples were removed and immediately
transferred to a balance interfaced to a computer to record mass loss as a function of time.
From these measurements, the percent mass uptakes were calculated and the results
plotted versus the square root of desorption time. This yielded linear plots indicative of
Fickian diffusion kinetics. Linear extrapolation to zero desorption time gives the uptake
of CO2 at the end of the sorption period. A series of sorption times were studied to
determine when equilibrium was reached.
Figure 2.2 shows a representative plot (6 hour absorption) for desorption of CO2
from polystyrene. The linearity of the data indicates Fickian behavior. An equilibrium
uptake of 1 1.8% CO2 is absorbed within 2-3 hours. It should be noted that the samples
foamed upon depressurization, although they retained their planar shape for all but the
longest soak times. As a result, only the absorption kinetics and diffusivity can be
accurately measured since CO2 is leaving the sample by diffusing through the polystyrene
and by creating pores, rendering the desorption a more complex system.
The diffusivity of CO2 into polystyrene was calculated using the equation derived
by Crank^^ for diffusion in a plane sheet.
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M, is the mass uptake at time t, M„ is the equihbrium mass uptake, D is the diffusivity
(cm /s), and / is the original unfoamed thickness. One-dimensional diffusion can be
assumed since the thickness is much smaller than the other dimensions. Based on
Crank's equation, a plot (Figure 2.3) was made of MJM^ vs. t/l' and curve-fit to solve
for the diffusivity which was found to be 2.44* 10"^ cm^/s under these conditions. This
value must be regarded as an estimate, as D is a function of CO2 concentration, which
changes over the course of the experiment.
Another aspect of the absorption curve that should be noted is the presence of an
apparent maximum in the absorbed amount. This maximum has been observed
previously in time-dependent sorption studies of CO2 in poly(ethylene terephthalate)
(PET)59.60 poly(chlorotrifluoroethylene) (PCTFE).5> The decrease in solubility at
long times is attributed in these cases to an increase in crystallinity of the substrate during
soaks in CO2. In the case of polystyrene, however, it is not crystallization, but likely the
extraction of low molecular weight components by the CO2 that causes the decrease in
observed mass uptake.
Based upon this information, all soak times for temperatures at or above 80 °C
were greater than 3 hours to ensure maximum CO2 uptake. Foams made at temperatures
lower than 80 °C were soaked overnight prior to depressurization.
(2.1)
M
M
n=0
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Figure 2.2: Representative (6 hour absorption) desorption profile of CO2 from
polystyrene at 80 °C and 3530 psi. An equilibrium mass uptake of 1 1 .8% CO2 was
attained in 2-3 hours.
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Figure 2.3: Kinetics for absorption of CO? into polystyrene at 80 °C and 3530 psi,
showing mass absorbed divided by equilibrium mass absorbed for absorption times of 1-
22 hours. The diffusivity during absorption was calculated to be 2.44* 10"^ cm"/sec.
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2.4 Effects of Processing Conditions
2.4.1 Foaming Temperature
Since tliis method of foaming relies on the depression of the Tg of the substrate by
supercritical CO2 to allow for cell growth, the temperature at which the material is
foamed has a profound effect on the cells produced. Increasing the temperature decreases
the viscosity of the substrate material, causing the retractive force restricting cell growth
to decrease and the diffusivity of CO2 within the substrate to increase. These factors lead
to more rapid cell growth. At a constant pressure, higher temperatures require a lower
CO2 density. This leads to a lower degree of swelling by the CO2, and thus fewer nuclei
generated, allowing for larger cells. In addition, at higher temperatures, less CO2 is
required to depress the Tg of polystyrene below the soak temperature. Thus, the higher
the temperature, the longer the time (at a given decompression rate) cells have to grow
before vitrification.
As discussed in Chapter 1
,
Wang et al. have shown that the Tg of polystyrene is
depressed by CO2 to 30-40 °C at 200 atm pressure.'^' This result indicates that
polystyrene should be able to be foamed at temperatures only slightly above room
temperature. A series of polystyrene foams was produced at various temperatures while
holding the saturation pressure (3530 psi) and depressurization time (<5 sec) constant.
Figures 2.4 and 2.5 show that the cell size increases roughly exponentially with
temperature, while the density decreases linearly. Accompanying this increase in cell
size is a change in the nature of the cells from discrete, spherical cells in a polystyrene
matrix to a structure consisting of impinging, polygonal cells (Figure 2.6). The overall
appearance of the foams varies from whitened planar sheets (at lower temperatures) to
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expanded cylindrical specimens in the shape of the foaming vessel (at higher
temperatures).
For the highly expanded foams, both cell size and density reduction are limited by
the size of the foaming vessel (or the amount of polystyrene placed in the vessel). To
ascertain the extent of this volume constraint, a series of "unconstrained" foams was
prepared by expanding single polystyrene pellets in the same size vessels. The pellets
were able to expand without contacting the walls of the vessel. The data for these foams
are also shown in Figure 2.4 and 2.5. As expected, these unconstrained foams exhibit
larger cell sizes than their constrained counterparts, but show the same trend with
increasing temperature. These experiments indicate that the size of the foaming vessel
(or the amount of material in it) is another variable that can be used to control foam
density and cell size. More is said about the effects of vessel geometry in section 2.4.4.
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Figure 2.4: Effect of foaming temperature on the average cell size of polystyrene foams
Saturation pressure was kept constant at 3530 psi and depressurization was rapid.
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Figure 2.6: SEM micrographs illustrating temperature effects on the cellular structure of
polystyrene foams: (a) 40 X, (b) 80 °C, (c) 100 °C, (d) 120 °C. All foams were prepared
under 3530 psi of CO2 pressure and rapidly depressurized.
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2.4.2 Saturation Pressure
The effect of saturation pressure on foam structure was studied for decompression
at a constant temperature of 100 °C. At higher pressures, the amount of CO2
incorporated into the substrate is higher, and hence the substrate is more highly
supersaturated upon release of pressure. In addition, homogeneous nucleation theory^^
predicts that as the magnitude of the pressure drop increases, the energy barrier to
nucleation decreases, leading to more cells being nucleated within a given volume. This
would lead to smaller cell sizes overall. Figure 2.7 shows that cell size does indeed
decrease with increasing saturation pressure. As in the previous set of experiments, the
constrained foams have smaller cells than their unconstrained counterparts. The density
of the constrained foams was limited to a lower limit of approximately 0.3 g/cm'' due to
the volume constraints of the vessel, as equal amounts of polystyrene were expanded into
the same total volume (Figure 2.8).
Subsequent work on polystyrene foams in the group has shown that the presence
of a low molecular weight (270-285 g/mol) component in commercial polystyrene
samples leads to significantly larger cell sizes than for laboratory synthesized
polystyrene, due to enhanced Tg depression.^' Another possible explanation for the
observed decrease in cell sizes with increasing saturation pressure could be the extraction
of this component by CO2, thus lowering cell sizes. Shine reports that polystyrene
oligomers (Mw = 400-1 100 g/mol) are soluble in CO2 at concentrations of 0.01 to 1
wt%.39 GPC on the commercial polystyrene samples before and after foaming, however,
show that the same amount of the low molecular weight component is present, indicating
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that at least within the time frame of the soak in CO2, a significant amount of this
component was not extracted.
Another structural feature of the microcellular foams produced by this method is
the existence of a non-porous skin layer. During depressurization, the CO2 near the edges
of the sample can diffuse out of the sample faster than it can join nuclei.25-62,63 jhis
leads to a skin layer on the foams. The thickness of the skin layer is dependent upon the
foaming conditions, and can vary in size from the thickness of one cell wall to hundreds
of microns. An example of this skin layer is shown in the micrograph in Figure 2.9 (a).
For the foams that expand to fill the foaming vessel, no skin layer is observed (Figure 2.9
(b)), since the expanding polystyrene is bound by the walls of the glass tube, which
prevents the CO2 from diffusing out, forcing it to form cells instead.
More recently in the McCarthy group, the SC CO2 foaming of thin films of
polystyrene has been studied to determine if there is a minimum thickness required for
foaming. Extremely thin films (as low as 2 |am) can be foamed if sufficiently high CO2
pressures are used. The minimum foamable thickness is related to the skin thickness on
bulk foam samples, because it is the distance over which CO2 can diffuse out of the
sample in preference to foaming at a given set of conditions. The pressures used in the
studies described here, however, were lower than those used to foam such extremely thin
films. Detailed studies on controlling skin thickness as an independent variable were not
studied in this work, however Goel and Beckman have shown by both theory and
experiment that skin thickness decreases as a function of saturation pressure.25
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(a)
(b)
Figure 2.9: SEM micrographs showing sample edges of microcellular polystyrene foams
prepared at 100 °C and 3000 psi: (a) unconstrained, (b) constrained.
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2.4.3 Depressurization Rate and Profile
Growth of the cells is arrested when enough CO2 has left the substrate to raise the
Tg to ambient conditions, thereby vitrifying the structure. At a given temperature and
saturation pressure, changing the amount of time over which the system is depressurized
can vary the length of the growth period. The same number of nuclei should be
generated, but slower depressurization rates should allow those cells to grow larger
through diffusion of CO2 from the surrounding substrate over a longer period of time
before vitrification. Additionally, coalescence of cells may occur if the substrate is
sufficiently plasticized.
A series of experiments was carried out in which the rate of depressurization was
varied while holding the saturation conditions constant at 40°C and 3530 psi. These
initial conditions were chosen because of the small cell sizes produced at instantaneous
depressurization and the planar structure of the resulting foam. This allowed for
significant cell growth to occur without the constraint of a limited foaming vessel
volume. As is seen in Figure 2.10, when allowed time to develop, the cells are able to
grow much larger (22 |j.m) than when depressurization is rapid (0.6 |im). Density
however, levels off at a value of -0.72 g/cm^ as shown in Figure 2. 11. The micrographs
shown in Figure 2.12 indicate that the cells retain their essentially spherical geometry but
grow larger in size. In order for the density of the sample to remain constant as the cell
size increases (cells/volume decreases), coalescence may be occurring during the longer
depressurization times.
43
25
20 —
6
^ 15
U
>
<
10
I
I
I I I I
I
I I I I
I
I I I I
I
I I I I
I
I I I
o4 J I I L_I I II 111 I I I I I I I II 1 I I I
0 10 15 20 25
Time of Depressurization (min)
30
Figure 2.10: Effect of depressurization rate on the average cell size of polystyrene foams
Saturation conditions were 40 °C, and 3530 psi.
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Figure 2. 11: Effect of depressurization rate on the bulk density of polystyrene foams
Saturation conditions were 40 °C, and 3530 psi.
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Figure 2.12: SEM micrographs showing the effect of depressurization time on
polystyrene foams made at 40 °C and 3530 psi: (a) 1 sec, (b) 1 min, (c) 5 min, (d) 25 min.
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With the exception of the foams discussed below, all of the polystyrene foams
produced had uniform cell sizes with normal size distributions. Foams with two distinct
cell sizes were also prepared by modifying the foaming procedure.
To create foams with a bimodal distribution of cell sizes, the polystyrene was first
soaked under conditions of high temperature and pressure until saturated, and
subsequently depressurized to an intermediate pressure (i.e. 6000 psi to 4000 psi). The
vessel was then maintained at this pressure for 1 hour before releasing the remaining
pressure. The resulting foam displays a clear bimodal structure with the small and large
cells interspersed as shown in Figure 2.13 (a) and (c). This bimodal structure is evident
throughout the length and cross-section of the foam sample. To determine which cell
size was created as a result of the first decompression step, a sample saturated at 100 °C,
6000 psi was depressurized to 4000 psi, held at this pressure for 1 hour, and then cooled
to 0 °C in an ice/water bath (at a constant fluid density) to freeze in the intermediate
microstructure before releasing the remaining pressure. A comparative analysis of this
microcellular structure (Figure 2.13 (b)) and that of a foam that underwent the entire
staged decompression indicates that phase separation takes place between 6000 and 4000
psi. The phase separation leads to the formation of spherical domains of SCF CO2, which
in turn leads to the formation of the larger cells. During the second depressurization
stage, a second set of cells is nucleated and grown within the walls of this first set.
The effect of the time period for which the sample is held at the intermediate
pressure was also studied. Micrographs for this set of experiments are shown in Figure
2.4.14. When this time period is very short (e.g. 5 minutes), the cells are uniform in size
because the CO2 did not have enough time to phase separate before the remaining
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pressure was released. Therefore, the result is similar to a foam that underwent a
continuous (although slower) depressurization. At 30 minutes, a distinction in cell sizes
begins to become apparent. At 1 hour, the phase separation has occurred sufficiently for
large, distinct, spherical domains to form. When a sample was left for 12 hours, the
phase-separated CO2 domains grew much larger and coalesced further.
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(c)
Figure 2.13: Examining the creation of a bimodal cellular structure in polystyrene foams:
(a) 100 °C, 6000 psi, pressure was released to 4000 psi, held at this pressure for one hour,
and then released to atmospheric. Average cell sizes are 21 and 4.8 |am. (b) 100 °C,
6000 psi, pressure was released to 4000 psi, held for one hour before cooling the sample
to 0 °C to capture the microstructure. Average cell size is 18 |im. (c) Sample (a) at a
higher magnification.
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Figure 2.14: SEM micrographs of bimodal polystyrene foams created at 100 °C with a
depressurization profile of 6000-4000-0 psi. The amount of time that the sample was
held at 4000 psi was varied: (a) 5 minutes, (b) 30 minutes, (c) 1 hour, (d) 12 hours.
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2.4.4 Vessel Geometry
The highly expanded foam samples described in the previous sections were
prepared in cylindrically shaped glass tubes. The cell sizes reported were measured by
fracturing the samples across the diameter of the cylinder and viewing the cross-section.
Examination of this cross-section reveals isotropic impinging polygonal cells. When the
foam is fractured parallel to the cylinder axis, however, it is evident that the cells are
elongated along the length of the cylindrical shape. During the expansion process the
foam is confined radially by the walls of the glass tube and expansion is restricted to the
direction parallel to the cylinder axis. The cells are thus drawn into elliptical geometries
(See Figure 2. 1 5). This elongation is not observed in foams that retain their initial
geometries (planar sheet). The anisotropy is also more pronounced as the magnitude of
the pressure drop increases. It should also be noted that the sizes of the cells in these
cylindrically shaped foams are uniform along their length, except at the very top of the
sample, where the material is free from the geometrical restrictions.
The geometric vessel restrictions were also utilized to create a gradient
density/cell size foam by foaming the polystyrene into a tapered glass tube, as illustrated
in Figure 2.16. At the smaller, more restricted end of the tube, the cells are much smaller
than those at the top, where the restriction is much lower. In this sample, the cells grew
consistently larger as the diameter of the tube increased.
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cut parallel to cylinder axis
Figure 2.15: SEM micrographs of a polystyrene foam produced at 100 °C, 6000 psi in a
cylindrically shaped vessel, illustrating the effect of constrained boundary conditions on
cell geometry.
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Figure 2.16: Polystyrene foam prepared in a tapered glass tube at 100 °C, 3530 psi,
illustrating the effect of geometric restrictions on cell size.
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2.4.5 Cell Growth
The driving force for cell growth in these foams is the supersaturated condition of
the polystyrene after the external pressure is released. The amount by which the pressure
is dropped controls the degree of supersaturation and thus has an effect on cell size and
structure. A series of experiments was designed to provide "snapshots" indicating how
the cells grow as the pressure is decreased to atmospheric pressure. Experiments were
carried out in which the polystyrene was soaked in CO2 at 100 °C, 3530 psi until
saturated, and then the pressure was released to various intermediate pressures between
3530 psi and atmospheric pressure, varying the depth of the pressure quench. The vessel
was then cooled to 0 °C in an ice/water bath (at a constant fluid density), preventing
further cell growth before releasing the remaining pressure. Although cells are nucleated
as soon as there is a drop in pressure, significant growth of the cells does not occur until
the CO2 pressure is below the critical point (Pc = 1070 psi, AP ~ 2500 psi), where it is
more compressible (Figure 2. 17). The densities of the foams remain fairly constant until
they drop off sharply at a pressure slightly higher than the critical pressure (Figure 2.18).
As the cells grow larger, they also change from discrete, spherical cells to impinging,
polygonal cells, as shown in Figure 2.19.
Theoretically, since these foams were made using the same initial CO2 conditions,
an equal number of nuclei should have been formed in each sample and then grown to
different sizes. To see whether or not this was true, cell densities were calculated for
each of the foam samples according to the method reported by Kumar and Suh.5 jhis
method assumes an isotropic cell distribution and a spherical cell shape, and so becomes
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less accurate as the cells impinge upon one another and form less spherical shapes. First
the number of cells per cm' of foamed material (Nf) is calculated using equation 2.2,
(2.2) =
' nM^
where n is the number of cells in the micrograph, M is the magnification factor, and A is
the area of the micrograph in cml If D is the average cell diameter (as measured by
image analysis), the volume fraction of voids (Vf) is calculated by equation 2.3.
(2.3) = D'N
Therefore, Nf cells in one cm' of the foam must have been nucleated in (1-Vf) cm' of the
original polymer. The number of cells nucleated per cm' of original unfoamed polymer
(No) is then given by equation 2.4.
N
(2-4) yv„ =
-^-^
It is this value that is typically referred to as the cell density. Since these calculations
assume that no cell coalescence occurs, the values given should be considered as a lower
bound for the actual number of cells that are nucleated. Table 2.1 lists cell density values
for the foams made to study cell growth (depth of pressure quench). It can be seen from
the calculated values that as the COi-saturated polystyrene sample is depressurized, the
cell density remains fairly constant and then decreases sharply. This data indicates that
as the cells begin rapidly expanding in size, coalescence of cells occurs.
Table 2.1 also gives cell densities for polystyrene foams made in the temperature
and saturation pressure studies described in sections 2.4.1 and 2.4.2. Cell densities range
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from 10' to 10*' cells per cm^ Data is reported only for the unconstrained foams, since
these samples did not exhibit elongated cells.
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Figure 2.18: Studying the growth of cells in polystyrene foams from 100 °C, 3530 psi
The system was cooled to 0 °C after partial release of pressure to trap the resulting
intermediate microstructure. Effect of pressure drop on bulk foam density.
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Figure 2.19: Studying the growth of cells in polystyrene foams from 100 °C, 3530 psi.
The system was cooled to 0 °C after partial release of pressure to trap the resulting
intermediate microstructure. SEM micrographs of samples frozen at various intermediate
pressures: (a) 2500 psi, (b) 1000 psi, (c) 500 psi, (d) 0 psi.
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Table 2.1: Cell densities in microcellular polystyrene foams
Average Cell
Diameter
(|im)
Nf
(# of cells per cm^ of
foam)
No
(# of cells per cm of
unfoamed polymer)
Temperature Effects
40 °C 3530 Dsi 0.58 1.26 * 10" 1.45 * 10"
60 °C 3530 Dsi 1.02 4.08 * 10" 5.28 * 10"
80 °C, 3530 psi 3.47 2.01 * 10'" 3.60 * 10'"
7.2 3.91 * 10' 1.66 * 10'"
120 °C, 3530 psi 16.9 2.31 * 10*^ 5.54 * 10^
Saturation Pressure Effects
100 °C, 2000 psi
i^uiicunsiraiiicu )
68.2 2.91 * 10^ 5.63 * 10^
100 °C, 2500 psi
( \ \Y\ r* f\x\ c t" T*o 1 1^ o ii^unconsu dineci )
55.8 4.82 * 10^ 8.59 * 10^
100 °C, 3000 psi
^unconsudincLi )
29.6 3.64 * 10' 7.20 * 10'
100 °C,4000 psi
(^unconsirdiiiccj )
8.7 1.29 * 10' 2.33 * 10'
1 wu juuu psi
(unconstrained)
7.7 1.70 * 10' 2.90 * 10'
100 °C, 6000 psi
l^unconsirdineci )
11.7 7.23 * 10*^ 1.86 * 10'
Depth of Pressure Quench
100 °C, 3530 psi
(quenched at
2500 psi)
3.8 2.12 * 10' 2.26 * 10'
100 °C, 3530 psi
(quenched at
2000 psi)
4.2 2.09 * 10' 2.27 * 10'
100 °C, 3530 psi
(quenched at
1500 psi)
4.7 3.87 * 10' 4.89 * 10'
100 °C, 3530 psi
fniipnrhpd nt 500
psi)
5.6 3.73 * 10' 5.68 * 10'
100 °C, 3530 psi
(quenched at 0
psi)
12.7 3.46 * 10' 5.51 * 10'
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2.4.6 Cell Stabilization
In his papers, Beckman reports that after depressurization, the foams were
"allowed to stabilize at zero pressure for approximately 1 hour and then the cell was
cooled to room temperature."24,25 ^11 of the foams made in this work were removed
from the temperature bath directly after depressurization. Therefore, an additional study
was done to ascertain the effect of an additional "stabilization" period. A series of
polystyrene foams was prepared at 100 °C and 3530 psi with rapid depressurization. The
foaming vessels were then left to soak in the temperature bath for various lengths of time
after they were depressurized. Figure 2.20 is a plot of the average cell diameters for these
samples. The cell sizes do initially increase, but after 45 minutes or so begin decreasing
again. Micrographs of .several of the.se samples are shown in Figure 2.21 . Maintaining
an elevated temperature for additional lengths of time keeps the polystyrene above its Tg
for a longer period of time than if it was cooled immediately. Since the cells keep
growing until enough CO2 leaves the system to raise the Tg back to ambient conditions,
the cells then have longer to grow. The cell walls become further stretched and are
therefore thinner and contain some open cell content as well. This can also be seen from
the micrographs. After 45 minutes, however, the CO2 is no longer expanding and
growing cells, but at 100 °C, the polystyrene is still at its Tg. Therefore, the foam
structure begins to collapse back on itself. After 1 hour, the cells are smaller and the
foam sample is visibly shriveled. When left at 100 °C for many hours, the foam
redensifies significantly. Therefore, depending on the foaming temperature used, an
additional 1 hour "stabilization" period can actually decrease the size of the cells.
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Figure 2.20: Effect of additional time at foaming temperature after pressure release on the
cell size of polystyrene foams prepared at 100 °C and 3530 psi. A sample left overnight
at 100 °C had 1 1 .3 |im cells. Samples left soaking for 60 minutes or more became
physically shriveled.
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(d) (e)
Figure 2.21: SEM micrographs of polystyrene foams prepared at 100 °C and 3530 psi,
soaked at the foaming temperature for various lengths of time after pressure release: (a)
min, (b) 15 min, (c) 45 min, (d) 1 hour, (e) 26 hours.
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2.5 Commercial Blend/Copolvmer Foams
Samples of three blend or copolymer samples, each containing styrene as one
component, were obtained from Bayer Corporation. These materials were foamed under
several different conditions and results were compared with those for pure polystyrene
foams. Table 2.2 lists the densities of polystyrene, SAN, HIPS, and ABS foams
produced at three different temperatures. Micrographs of some of these foams are shown
in Figures 2.22 and 2.23. 40 °C is the low temperature foaming limit for polystyrene, and
foams produced at this temperature retain their initial geometry and have small discrete
spherical cells. The SAN, a single phase copolymer, foamed in a similar manner, with
the exception that the cells created are significantly larger than those in the polystyrene
foam (Figure 2.22 (c)). The HIPS and ABS samples, which contain rubber particles, did
not appear to foam in the continuous phase, but voided in the rubber phase instead, as
shown in Figure 2.22 (b) and (d). The sizes of the voided rubber particles are slightly
larger than the reported particle sizes. The CO2 solubility in the rubber phase is likely
higher than in the continuous phase and so it is more highly concentrated, causing
expansion to occur preferentially in these areas. At 80 °C, uniform foaming occurs in all
four samples, with polystyrene and SAN foaming very similarly, and the HIPS and ABS
having smaller, but uniform, impinging cells. Micrographs of the foams prepared at 100
°C are shown in Figure 2.23. All of these foams were highly expanded into the shape of
the foaming vessel, with the exception of the ABS foam, which was very highly
expanded, but still roughly planar in shape. None of the foams showed elongated cells,
since bars nearly as long as the foaming vessel were foamed (apparently without flowing
to the bottom of the tube during the soak period) and could expand freely in all
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directions. The ABS foam, in particular, has a much more irregular cell structure than the
polystyrene foam. This could be due to the fact that it is the most heterogeneous
material, containing both rubber particles and added carbon black filler. The HIPS and
SAN foam structures appear uniform, but there are certainly inhomogeneities within the
materials due to the rubber particles or other additives. These foams were also tested
mechanically in order to compare with polystyrene foam results. This will be discussed
in section 3.3.3.
Table 2.2: Comparison of polystyrene, SAN, HIPS, and ABS foam densities
Density {g/cnv')
Solid 40 °C 80 °C 100 °C
Polystyrene 1.04 0.89 0.36 0.29
SAN 1.08 1.00 0.48 0.30
HIPS 1.04 1.01 0.51 0.28
ABS 1.09 0.96 0.49 0.17
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(c) (d)
Figure 2.22: SEM micrographs of foams prepared at 40 °C and 1500 psi: (a) polystyrene,
(b) HIPS, (c) SAN, (d) ABS.
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(c) (d)
Figure 2.23: SEM micrographs of foams prepared at 100 °C and 4300 psi: (a)
polystyrene, (b) HIPS, (c) SAN, (d) ABS.
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2.6 Conclusions
The foaming of polystyrene using SC CO2 as the blowing agent has been studied
in detail. An equilibrium mass of 1 1.8 % CO2 is absorbed by polystyrene at conditions of
80 °C and 3530 psi. The structure of the foams produced can be tailored by altering the
various processing conditions. A higher foaming temperature produces foams with larger
cells and lower densities. Higher saturation pressures increase the nucleation density,
leading to smaller cells. The size of the vessel in which the material is foamed can
restrict its growth and hence affects cell sizes, cell shapes and foam densities. Reducing
the rate of depressurization allows for a longer period of growth and therefore larger cells
than with rapid decompression. Bimodal foams were produced by reducing the pressure
in stages, and oriented, anisotropic foams are produced when the polystyrene becomes
highly expanded but is geometrically restricted.
The growth of cells during depressurization was studied. It was found that
although cells are nucleated immediately upon release of pressure, significant growth of
the cells does not occur until reaching the critical pressure, where CO2 becomes much
more compressible. Cell density does not remain constant during the depressurization
process, as coalescence occurs. Maintaining an elevated temperature after pressure
release can initially increase cell sizes, but if the sample is left for too long, can cause the
foam to collapse.
Commercial SAN, HIPS and ABS samples were also foamed using SC CO2 and
compared with polystyrene foams formed under the same conditions. Due to different
solubilities in the copolymer and rubber phases, the samples foamed quite
differently at
low temperatures, and formed more heterogeneous structures at higher
temperatures.
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2.7 Future Work
There are several issues regarding the foaming of polymers in SC CO2 that would
be interesting to study, and are being studied by another graduate student. While theories
for both homogeneous and heterogeneous nucleation of cells have been developed, there
has yet to be a study concerning the fundamental aspects of cell nucleation and growth.
A high-pressure cell for conducting small angle x-ray scattering experiments is currently
being designed and built within the department for studying these phenomena. In
addition, the foaming of thin films and multilayer structures will be studied to determine
the effects of film thickness and constraints on foaming behavior and to determine a
critical nucleus size.
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CHAPTER 3
COMPRESSIVE BEHAVIOR OF MICROCELLULAR POLYSTYRENE FOAMS
3.1 Introduction
As described in Chapter 2, a method was developed and studied for creating
microcellular foams using SC CO2 as the foaming agent. Foam structures and cell sizes
were controlled over a wide range. This chapter focuses on the mechanical
characterization of these unique materials. In the literature, as described in Chapter 1, the
mechanical characterization of microcellular foams made using inert gases has been
limited to tensile and impact studies. Compression studies have been done on
microcellular foams made using conventional solvents. These materials were found to be
relatively weak, however, due to structural defects arising from the way in which they
were made. The foams made using SC CO2 appear to be very monodisperse and defect-
free, which should lead to enhanced and more predictable mechanical properties as well.
The mechanical characterization performed focused on the compressive properties
and cellular deformation mechanisms of microcellular polystyrene foams. The cellular
structures (controlled by the foaming process) have a significant effect on the
corresponding mechanical properties of the foams. Using a model based on cell
geometry and material properties, the effects of cell size and shape on the compressive
properties can be predicted. The post-yield energy absorbing response of the materials
has been studied, and microstructural investigations were carried out to determine the
dominant mechanism for foam collapse. In addition to standard compression tests at
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ambient conditions, the effects of different stress states were examined by conducting
compression tests under laterally constrained conditions, and the effects of temperature
and strain rate on the yield behavior and microcellular collapse were investigated. With
these experiments, a better understanding of the true material characteristics/parameters
that govern the deformation response of the microcellular foams produced using SC CO2
was gained.
3.2 Experimental
3.2.1 Foam Structures
A series of foam samples was prepared having a constant bulk density, but
varying cell sizes, in order to study the effects of cellular geometry on compressive
properties. As shown in Chapter 2, higher saturation pressures lead to smaller cell sizes
in microcellular polystyrene foams produced using supercritical CO2. The foam samples
used for the compression tests were all prepared at a constant foaming temperature of 100
°C but with saturation pressures of 2000, 2500, 4000 or 6000 psi to yield four different
foam structures. Bulk foam density of the samples remained constant at approximately
0.3 g/cm , since equal amounts of polystyrene were foamed to the same final dimensions
in every case. At these conditions, the foams produced are cylindrical in shape and have
anisotropic (more specifically transversely isotropic) cells, an example of which is shown
in Figure 3.1. The creation of this type of foam structure was discussed in section 2.4.4.
Cell heights, widths, and wall thicknesses were measured from micrographs using Zeiss
Image Analysis software.
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(b)
Figure 3. 1 : SEM images of a microcellular polystyrene foam produced at 100 °C, 6000
psi, showing the anisotropic nature of the cells: (a) Fractured perpendicular to the
cylinder axis, (b) Fractured parallel to the cylinder axis.
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3.2.2 Test Methods
For compression tests, samples were cut using a diamond wafering blade into
cylinders with their height equivalent to their diameter (8 mm) or twice their diameter (16
mm). Foams were tested using an Instron 11 23 at a crosshead speed of 0.75 mm/min in
all cases unless otherwise specified. The tests closely followed ASTM standard D1621
with the exception that the test specimens were smaller in size than recommended due to
limitations in the size of the foaming vessels. Modulus, % elongation at yield, yield
stress and collapse stress were measured as the average value of five specimens.
3.3 Compressive Behavior
A typical elastic-plastic foam will show a compressive stress-strain curve with
three distinct regions. Elastic deformation (controlled by cell wall bending) occurs at
small strains. A yield point and then a collapse plateau associated with elastic buckling,
plastic collapse or brittle crushing and subsequent failure of the cell wall follow the linear
elastic region. After opposing cell walls impinge, there is a densification region of
sharply increasing stress.^6 Figure 3.2 is representative of the compressive stress-strain
curves of the polystyrene foams tested. As a consequence of the monodisperse structure
inherent in the foams, their compressive response was characterized by a well-defined
yield point and a collapse plateau of constant stress. Deformation beyond the yield point
occurs at a constant stress for a period and ultimately increases in a regime where
additional densification occurs. This is in contrast to the behavior of microcellular foams
prepared by the TIPS method (Chapter 1), which exhibit no collapse plateau and have a
less well-defined yield point due to the uniform distribution of defects in their structures.
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Figure 3.2: Representative stress-strain curve from a microcellular polystyrene foam
prepared at 100 ""C, 4000 psi with rapid depressurization.
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3.3.1 Yield Strcniith
In contrast to the trend normally observed in foams, the yield stress was found lo
increase with cell si/e due to a corresponding, yet disproportionate, increase in cell wall
thickness (Table 3.1).
Table 3.1: Cell diniensions and mechanical properties of microccllular |X)lyslyrene foams
tested in compression
Foam Cell Cell Cell Wall Yield Collapse Modulus
Sample IleiglU Width Thickness Stress Stress (MPa)
(|am) (|im) (|im) (MPa) (MPa)
2000PS 99.5 50.2 11.9 17.4 16.1 686
25()()PS 67.5 27.6 7.0 15.7 13.4 523
40()()1\S 23.8 10.5 2.4 14.7 13.2 482
6000PS 10.9 3.5 0.88 11.1 10.9 514
Bimodal 7.9 3.8 1.2 10.6 10.0 471
38.2 18.0 13.7
Most conventional models describing the mechanics of dcfonnatioii in cellular
materials relate the compressive properties to a relative density, and consider the cells lo
be isotropic. For instance, Gibson and Ashby^''^ have shown that the plastic collapse
stress of open-cell foams is related to the foam density by equation 3.1,
(3.1) = 0.23
Ml !/2"
1 +
[ p. J
for 0.04 < pVps < 0.3, where a,/ is the plastic collapse stress of the foam, ay is the yield
stress of the solid material, and p* and ps are the densities of the foam and solid materials
respectively. They found that data for both open and closed cell foams made of many
different materials can be well described by equation 3.1. Figure 3.3 shows the
microccllular polystyrene foam data in comparison to the prediction of this model,
where
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the two different lines represent the bounds of the range of reported yield strength data
for solid polystyrene.26 The foams tested all had a density of approximately 0.3 g/cm^
and so this model cannot predict the effects of cell size and geometry on the measured
value of yield strength. Notice, however, that the strengths of these foams are all higher
than what the model would predict for typical foams having an equivalent density.
Again, this is in contrast to microcellular foams prepared by the TIPS method, which
have been found to be weaker than conventional foams. ^2
Since the foams tested were anisotropic in nature and had approximately constant
densities, it was necessary to use an alternate approach to predict the values for yield
strength based on cell geometry. An anisotropic foam buckling modeP^ predicts the
yield stress values quite well. This model takes into account a cell height (h) and width
(1) as well as the thickness (t) of the cell walls (see Figure 3.4). The model assumes that
the cell walls will buckle when the applied load exceeds a critical load (Fcr) given by
equation 3.2 (Euler's formula),
Cn\n''EJ
(3.2) ^c.= \i
•
where C is a proportionality constant, n3 describes the constraint at the ends of the cell
walls, Es is the Young's modulus of the solid material, and I is the second moment of
inertia for the cell wall. Dividing by the area and considering that I~t^ for a prismatic
strut, equation 3.3 gives an expression for the compressive yield stress of the foam in
terms of a group of constants, the modulus of the solid, and a cell geometry factor
relating to the buckling stiffness of the cell walls.
(3.3) <^,=
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Therefore, plotting the yield stress versus the quantity (tVP) should yield a straight line
with a slope of Cnl/r^E^ . Figure 3.5 shows that this is indeed the case
Similarly, the compressive modulus can be expressed in terms of the cell
geometry and solid modulus by equation 3.4,
(3.4) E'=CE ^tVh
\IJ I
where again, C is a constant of proportionality. The foam modulus should therefore be
predicted by plotting E* versus t''h/l^ Plotting the values measured for the foams,
however, does not yield a straight line. An accurate value for the compressive modulus
may not have been measured if some cells buckle before bulk yielding occurs, thereby
softening the material.
Additional tests were performed on foams having a bimodal distribution of cell
sizes. The preparation of these types of foams is described in section 2.4.3. The
particular foam reported here has anisotropic cells with the dimensions listed in Table
3.3. 1 . Micrographs of the cells in two perpendicular planes are shown in Figure 3.6. The
data for the bimodal foam in comparison to the unimodal foams is plotted in Figure 3.7.
The compressive yield strength of the bimodal foam matches that of a foam with only the
small cells. The open circle in the plot shows what the anisotropic foam model would
predict for collapse of the larger set of cells with solid walls instead of foamed walls.
This data indicates that the strength of the bimodal foams is governed by collapse of the
small cells as opposed to the large ones. This result, in turn, infers that the geometric
ratio (tVh'P) is smaller for the small cells than for the larger cells, which is consistent
with the results from the monodisperse foams. That data showed that due to the
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proportionally thicker walls of the larger cells, the smaller cells fail at a lower stress.
Therefore, it makes sense that the smaller (and weaker) cells in the bimodal foam would
govern its strength.
0.0 0.2 0.4 0.6 0.8 1.0
Relative Density (p*/p )
s
Figure 3.3: Comparison of the relative yield strength of microcellular polystyrene foams
made using SC CO? with that predicted by Gibson and Ashby's isotropic foam buckling
model.
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Figure 3.4: Schematic representation of the anisotropic foam model derived by Gibson
and Ashby.26
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Figure 3.5: Comparison of uniaxial compression test data on microcellular polystyrene
foams with predictions of Gibson and Ashby's anisotropic foam model. ^6
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Figure 3.6: Bimodal polystyrene foam structure that was tested and found to have a
compressive strength equivalent to a foam having only the small cells: (a) Viewed
perpendicular to the cylinder axis, (b) Higher magnification of (a), (c) Viewed parallel to
the cylinder axis.
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Figure 3,7: Compressive strength of a bimodal polystyrene foam as compared to data for
unimodal foams and the anisotropic foam model prediction for large cell collapse.
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3.3.2 Characterization of Cellular Collapse
Beyond the yield point, the deformation continues under constant stress. In this
regime, irreversible deformation becomes apparent. Detailed studies of the collapse
behavior indicate that the dominant micromechanism associated with the irreversibility is
microcellular collapse and that the collapse progresses through the foams in a highly
heterogeneous fashion. Careful studies have shown that microcellular collapse initiates at
one boundary of the cylindrical specimen and propagates through the length of the
specimen under a constant stress. Similar behavior has been observed previously in
studies of other cellular materials such as wood,28 hexagonal, metallic honeycombs,29.65
and large cell foams,27.66 but has not been reported for microcellular foams, due to their
structural defects.
To examine the process of progressive cell buckling in microcellular foams, a
series of test specimens were loaded to various strain levels beyond the yield point,
unloaded and examined by SEM. Figure 3.8 shows the phenomenon for a typical test
specimen that was crushed in compression to some intermediate strain in the post-yield
plateau region. In this example, the specimen was taken to a strain level of 40%. Note
that the upper third of the specimen remains essentially undeformed and the cells appear
exactly like those of an uncompressed specimen. In the lower region of the sample,
however, the cells are almost completely collapsed. In the middle third of the sample, a
transition region is observed. As this region of the sample begins to macroscopically
bulge, on a microscopic level, the cells begin to buckle and collapse. Within this
transition zone, the cells are not yet fully collapsed, but show evidence of some
irreversible deformation. Successive studies of samples compressed to a range of strain
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levels indicate that the transition zone propagates progressively through the sample in a
self-similar fashion until at very high strain levels, the specimen is entirely collapsed.
Once the entire length of the specimen is consumed, further deformation occurs with
significant strain hardening. Progressive cell buckling was observed in all samples
tested, both unimodal and bimodal foams, over a range of test temperatures and strain
rates.
The phenomenon of progressive buckling that occurs in the plateau region of the
stress-strain curves is similar to the development and propagation of a stable neck
observed in many polymers subjected to uniaxial tension. It is well established that the
formation and subsequent propagation of a stable neck requires that a differential element
of material undergo a geometric or material instability (i.e. yield) resulting in a strain-
softening effect, followed by a strain-hardening effect that restabilizes the "necked"
material.6^ In thermoplastic polymers, the strain softening that occurs at yield has been
shown to be associated with a stress-induced thermally activated process which incites
molecular flow in the material. The micromechanism of strain hardening is associated
with molecular orientation along the direction of the applied stress, which dramatically
increases the stiffness and strength locally in the material.68 As a consequence, the
necked boundary propagates in the polymer at a constant draw ratio until the entire gauge
area is consumed.
In the case of progressive buckling of microcellular foams, it can be envisioned
that the micromechanics that produce a strain-softening effect are associated with
microcellular buckling, and the strain-hardening mechanism is associated with
densification of the collapsed material.
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Figure 3.8: An example of the progressive cell buckling observed in microcellular
polystyrene foams. This sample was prepared at conditions of 100 °C and 6000 psi with
rapid decompression. It was loaded to 40% strain and then unloaded for examination by
SEM. Micrographs are taken of cells in four different regions of the specimen.
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Based upon these observations, a model for the energy to crush a sample can be
formulated from simple energy balance considerations. A more complete derivation is
contained in the Appendix. A collapse ratio (X) can be defined by equation 3.5 as
(3.5) A =^
where K is a length of non-densified material and Ld is the associated length after
collapse occurs. Conservation of mass on a differential element leads to an equation that
can be used to calculate a value for the collapse ratio in terms of the densities of the non-
densified and densified regions (po and pd respectively) and their corresponding cross-
sectional areas (Aq and Ad).
(3.6) A =
Through a force balance, the stress in the densified region, Gd, can be defined in terms of
the stress required to densify the untransformed material, Co, (i.e. the value of stress in
the collapse plateau).
(3-7) A,c7j =A„cT„
<j p,
(3.8) a,
=-f^
^ Po
Considering that damage is the only source of irreversibility and that the transition
from the uncollapsed to collapsed region is sharp, the work done on a differential element
of material (AW) can be written as:
(3.9) AW = a-„A„AL
The incremental work done on the specimen in turn densifies the material and changes
the amount of strain energy in the specimen. The energy of densification can be
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expressed as the product of the specific energy of densification (y) and an incremental
volume V=AoAL. The change in strain energy is represented by AF. Hence the work
done can be expressed as:
(3.10)
Substituting into equation 3.9 gives:
(3.11)
AVV = 7 V + AF
/A„AL = cr„A„AL-AF
The change in strain energy is given by:
(3.12) AF = ]_
2
a
^A..AL
o o
where Ej and E„ are the Young's moduli for the densified and non-densified regions
respectively. Substituting into equation 3.1 1 and simplifying gives:
(3.13)
1 I a; A,AL, al
2 E, AM
Rearrangement and use of equation 3.8 gives:
(3.14)
r
1 ^ 1
U V E
Using equation 3.14, one can therefore calculate the specific energy absorption
characteristic of a foam by measuring the densities, moduli and areas of the densified and
undensified regions and the level of stress within the collapse plateau of the compressive
stress-strain curve as shown in Figure 3.9. The second term in the equation describes the
change in elastic energy stored within the specimen as the material densifies. In the case
of a foam under compression, the change in strain energy is negative, indicating that the
strain energy stored in the foam decreases in the sample as densification occurs
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This energy was calculated, and it was found for the microccllular polystyrene
foams tested that the second (change in strain energy) term does not contribute to the
total energy by a significant amount. Therefore, the specific energy of densification
reduces to essentially the value of a^. Table 3.1 lists these values for several of the foam
samples tested. The magnitude of the collapse stress decreases as the cell size and wall
thickness decrease. Therefore, the smaller cells require less energy to crush than do the
larger cells, since their walls are proportionally thinner. Testing at a higher temperature
also lowers the amount of energy required since the modulus of the material is lowered at
elevated temperatures.
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Figure 3.9: Representative stress-strain curve from a microccllular
polystyrene foam
illustrating the regions of linear elasticity, progressive collapse of the
microccllular
structure, and additional densification.
87
3.3.3 Compressive Behavior of Foamed Blencls/Copolvmcis
The HIPS, SAN, and ABS foams described in section 2.5 were also tested in
compression for comparison with the microcellular polystyrene foam rcsiihs. The
samples tested were all prepared at 100 °C and 4300 psi, and cut into specimens with
their height equal to their diameter. As was shown in Figure 2.23, these materials all
have structures thai are more heterogeneous than pure polystyrene foams. This
heterogeneity arises from the material itself (rubber or filler particles) or within the
cellular structure.
When tested in compression, there were several differences between these foams
and the microcellular polystyrene foams. Figure 3.10 shows a compressive stress-strain
curve for the ABS sample, which is representative of the behavior exhibited by all three
samples. From this plot, it can be seen that the material has a yield point that is not as
well defined as was seen for the polystyrene foams. In addition, there is very liitie, if
any, collapse plateau region. Instead, the stress rises gradually as llie cells are collapsing.
The cell sizes and strengths of the foams arc given in Table 3.2.
Table 3.2: Cell size and yield stress data for microcellular polystyrene and SAN, lllPS
and ABS foams made using CO2 at 100 "C and 4300 psi
Polymer Solid
Modulus
(GPa)
t
(|im)
L
(|im)
h
(l-iiii)
Yield Stress
(MPa)
PS2000 3 11.9 50.2 99.5 17.4
PS2500 3 7.0 27.6 67.5 15.7
PS4000 3 2.4 10.5 23.8 14.7
PS6000 3 0.88 3.5 10.9 11.1
SAN 3.5 1.8 10.6 10.6 3.3
HIPS 2.1 1.4 8.4 8.4 3.8
ABS 2.4 0.93 5.4 5.4 1.9
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The SAN, MIPS and ABS foams tested were also significantly weaker than the
polystyrene foams. When the data are plotted according to the anisotropic foam model
(Figure 3.11), it can be seen that this difference in strength is not due to the size of the
cells and cell walls. The model suggests that it may be due to a difference in modulus
between the different substrate materials, however the loss of strength cannot be
accounted for by the modulus difference either (Table 3.2).
As for the polystyrene foams, the microcellular collapse mechanisms of the foams
under compression were studied. Figure 3. 12 shows micrographs of the top and bottom
of specimens taken to 30% strain. In contrast to the polystyrene foams which showed
(both macroscopically and microscopically) two distinct regions of uncoliapscd and
collapsed cells, these samples showed a very uniform deformation. On the macro.scopic
level, the diameter of the test specimens increased uniformly as the specimen was
comprcs.sed. As seen in Figure 3. 13, it did not "bulge" preferentially in one area. On the
microscopic level, the cells appeared to collapse evenly throughout the specimen instead
of in the "row-like" fashion observed for the very regular foam structures. As shown by
Ozkul-^2 and described in Chapter 1, the introduction of uniformly distributed defects
causes deformation to occur more homogeneously, preventing the formation of a stable
neck, histead of collapse initiating at one weak layer of cells, the cells begin collapsing
everywhere throughout the structure. The heterogeneity in these structures (both material
and cellular) therefore affects both their strength and collapse mechanism.
89
0.0 0.2 0.4 0.6
Strain (mm/mm)
Figure 3.10: Representative compressive stress-strain curve for an ABS foam prepared
using SC CO2.
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Figure 3.1 1: Yield stress for SAN, HIPS and ABS foams in comparison to microcellular
polystyrene foams. Data is plotted according to the anisotropic foam model's cell
geometry factor.
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(c) (d)
(g) (h)
Figure 3.12: Compressed foam test specimens illustrating cellular collapse mechanisms;
(a) PS, top, (b) PS, bottom, (c) SAN, top, (d) SAN, bottom, (e) HIPS, top, (0 HIPS,
bottom, (g) ABS, top, (h) ABS, bottom.
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(a)
Figure 3.13: Photographs of microcellular foam compression test specimens: (a)
polystyrene, 40% strain, (b) ABS, 30 % strain.
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3.3.4 Plane Strain Compression Tests
In addition to standard compression tests, the changes that result from testing
under a different stress state were investigated. To do this, plane-strain compression tests
were conducted by restricting lateral expansion of the foam specimens, thereby
constraining the boundary conditions. Under conventional compression, the samples
bulge outward as they are compressed, but in these tests, a constant specimen diameter
was maintained, forcing the foam collapse to occur only through cell collapse and not
through macroscopic sample deformation. It was hoped that this would emphasize
microcellular collapse over bulk specimen yielding. The goals were to compare the
laterally constrained compression results with the previous compression results
concerning the effects of cell size and shape on the compressive properties and to
investigate the effect that lateral constraint has on microcellular deformation and
propagation of the collapse front.
To conduct the plane strain compression tests, an apparatus was built to confine
the specimen as it is compressed. A schematic diagram of the device is shown in Figure
3.14. Essentially, the foam sample is contained within a stainless steel tube with a
diameter only large enough for the sample to fit snugly. The bottom of the tube
contained a screw-on cap that fit tight enough to prevent extrusion of the sample out the
bottom. A piston only large enough to move freely within the tube was made to apply the
load. This apparatus was placed between the platens of the Instron, and the tests were
conducted as usual.
Microcellular polystyrene foam samples of various cell sizes and geometries were
tested under these constrained conditions. Stress-strain curves for one particular
foam
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sample (h=6.4 |im, 1=2.0 urn, t=0.56 [im) tested in both uniaxial and plane strain
compression are shown in Figure 3.15. The yield stress remains essentially unchanged
between the two types of tests. Since the walls of the cells can buckle in on themselves
as easily as buckling outwards, the constraint at the boundary of the specimen has little
effect on the strength of the foam. The cellular collapse mechanism is also the same. As
for the uniaxially tested samples, the constrained samples showed a heterogeneous,
progressive collapse. The only differences between the two test results are in the collapse
plateau region and the level of strain at which densification begins. The plane strain
samples exhibited a slightly more positive slope in the collapse region and densified
earlier, since they were not able to expand freely. In this example, the plane strain
samples did show slightly lower moduli as well, but the modulus measurements have not
generally been consistent.
Figure 3.16 shows a comparison of data for polystyrene foams tested with varying
cell sizes (tVh^P), test specimen height (h=d or h=2d), and boundary conditions (uniaxial
or plane strain). At lower values of the parameter tVh^P, the data is predicted adequately
in all cases by the anisotropic foam model. These samples all had bulk foam densities of
0.40 g/cm^ or less. At higher tWP (densities up to 0.45 g/cm^), there is significant
deviation of the data from the model prediction. In these cases there is also more of a
difference in strength between the uniaxial and plane strain test conditions. For foams
with higher densities (thicker cell walls relative to cell size), the beam-bending concept
breaks down. The cell walls are now so short that they fail axially before they bend. The
material begins to resemble a solid with holes in it instead of a foam. In addition,
the
yield stress of these higher density foams begins to approach the yield stress
of solid
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polystyrene. Obviously, the yield stress of the foam cannot go beyond that value, and
the buckling model is valid only for a limited range of densities.
Figure 3.14: Schematic diagram of the apparatus built for conducting plane strain
compression tests.
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Figure 3.15: Compressive stress-strain curves for a microcellular polystyrene foam that
was tested in both standard and plane strain compression.
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Figure 3.16: Comparison of compression test data for microcellular polystyrene foams.
Boundary conditions (plane strain vs. uniaxial), cell geometry (t'*/h''l''), and sample height
(tall - h=2d, short - h=d) were varied. For samples having higher densities (higher
tVhi^), the anisotropic model prediclion failed and there is a greater deviation between
uniaxial and plane strain results.
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3.3.5 Temperature and Rate Dependence of Compressive Strength
There are two separate contributions to the temperature- and rate-dependence of
foam properties. ^6 There is an inherent dependence that is derived from the solid of
which the foam is made, and a contribution from the pore fluid. In closed cell foams,
there is a temperature dependence introduced by the compressibility of the gas enclosed
within the pores. For open cell foams, there is a strain rate dependence on the viscosity
of the pore fluid as it is expelled or drawn into the foam as it deforms. The effect of the
fluid in the foam pores on the modulus and strength has been shown to be negligible,
however, in most cases. At atmospheric pressure, the gas will add at most 0.1 MPa to the
modulus of the foam, a contribution so small that it can be neglected for all but low
density elastomeric foams.
It has been shown that the modulus of a foam is proportional to the modulus of
the cell wall material. For polymers well below Tg, the modulus varies roughly linearly
with temperature, and can be approximated by equation 3.15,
(3.15) e, = e:
where Es° is the modulus at 0 °K and is a constant. Traeger found that this equation
described well the data for the temperature dependence of the compressive Young's
modulus for a set of rigid polyurethane foams all made from the same solid (see Figure
3.17).69
The dependence of the foam modulus on the strain rate for polymers well below
T, is relatively small. Rinde and Hoge found for rigid polystyrene
bead foams that an
strain-rate by a factor of 10^ increases the modulus by a factor of
only 1 .
1
.^o
g
increase in
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At temperatures near the Tg of the polymer, the modulus depends more strongly
on the temperature and strain rate, and the predictive equations become more
complicated.
Foams that are made from materials having a plastic yield point collapse
plastically when loaded beyond the linear-elastic regime. This gives rise to a long
horizontal plateau in the stress-strain curve, but unlike elastic buckling, the strain is no
longer recoverable. Plastic collapse of a cell occurs when the moment exerted by the
applied force exceeds the fully plastic moment of the cell edges. Figure 3.4 shows a
schematic diagram of a model cell. For a beam with a square cross-section of width t,
this moment (Mp) is given by equation 3.16.
For an applied force parallel to the cell height, the maximum bending moment is
Combining these results gives equation 3.17, the plastic collapse strength of the foam.
Therefore, the plastic collapse strength of a foam is directly proportional to the
yield strength of the solid from which it is made. As temperature increases, the yield
strength of the solid falls, and as strain rate increases, its yield strength increases slightly.
Therefore, the foams made of the solid should show a similar response, given by equation
3.18,26
(3.16)
proportional to Fl . The effective stress on the foam is proportional io F II .
(3.17)
(3.18)
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where (api*)° is the yield strength at 0 °K and A and So are material properties. This
equation predicts a linear decrease in yield strength with increasing temperature and a
linear increase with increase in \og£ . Data in the literature confirm this behavior and are
shown in Figures 3.18 and 3.19.
Rinde and Hoge have also observed that as the strain rate is increased, the plateau
stress rises and a yield point appears, or if present at low strain rates, becomes more
pronounced.''^
-100 -50 0 50 100 150 200 250
Temperature (°C)
Figure 3. 17: The temperature dependence of the compressive modulus for rigid
polyurethane foams of different densities.69
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Figure 3.18: Temperature dependence of the compressive plateau stress for rigid
polyurethane foams of different relative densities, ^^-^
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The effects of both temperature and strain rate on the compressive properties and
microcellular collapse mechanisms of microcellular polystyrene foams (prepared at 100
°C and 6000 psi) were studied in order to gain a better understanding of the true material
characteristics that govern the collapse behavior of the foams. The microbuckling model
used successfully to predict changes in strength with cellular geometry suggests that the
only material property that has an effect is the modulus of the solid from which the foam
is made. Equation 3.18, which has been used satisfactorily for the temperature and strain
rate dependence of conventional foam properties, suggests that the yield strength of the
solid is the parameter that controls the foam strength.
Figure 3.20 is a plot of the yield strength of a microcellular polystyrene foam as a
function of strain rate for four different temperatures. As expected, the yield strength
increases with strain rate and decreases with temperature. If the microbuckling model is
correct, the loss of strength due to increasing temperature should be predicted by the
decrease in the solid modulus. Figure 3.21 shows the decrease in modulus with
increasing temperature that was measured for solid polystyrene dogbone tensile
specimens. The microbuckling model suggests that if the room temperature foam test
results were scaled by the solid modulus, the elevated temperature foam test results
would be predicted. Figure 3.22 shows that this is not the case. The lines on the plot are
the predictions for the elevated temperature foam strengths based on the decrease in the
solid polystyrene modulus at each temperature. It is readily apparent that this type of
prediction greatly underestimates the decrease in foam strength due to temperature,
indicating that there is some other material parameter that must be taken into account.
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To determine if the yield stress of the solid is the more dominant factor in
determining the response of the foams, the yield stress of solid polystyrene was measured
over a range of temperatures and strain rates. Polystyrene rod (9.5 mm diameter) was
purchased from Patriot Plastics and cut into test specimens with a height of 19 mm. The
data for these experiments is shown in Figure 3.23. These values were then used to scale
the room temperature test results according to equation 3.19.
(3.19) cj]{T,s) = c7\{15'C,s)
These predictions are shown plotted with the actual data in Figure 3.24. Using the solid
yield stress works much better in predicting foam properties at different temperatures
than does the solid modulus.
These results also point out a deficiency in the types of models that are currently
available for predicting foam properties. The microbuckling model (equation 3.3) can be
used to predict the effects of cellular geometry on the microcellular polystyrene foam
properties at a given temperature and strain rate. In order to predict the effects of
temperature and strain rate on the properties, however, a plastic collapse model with a
dependence on the solid yield stress works best. These conflicting results suggest that
there may be a combination of collapse mechanisms occurring in the foams. Perhaps the
yield stress of polystyrene is exceeded at the corners of the cells, causing the formation of
plastic hinges prior to buckling of the cell walls.
o-/25°C,£)
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Figure 3.20: Temperature and strain rate dependence of the compressive yield stress for
microcellular polystyrene foams.
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Figure 3.23: Effects of temperature and strain rate on the compressive yield stress of solid
polystyrene.
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The yield stress data for the foams can also be superposed to construct the master
curve shown in Figure 3.25, from which shift factors and an activation energy can be
calculated. The master curve was constructed by plotting the data obtained at each
temperature on a separate piece of paper, and visually shifting the curves along the log^
axis to obtain superposition. The resulting shift factors (aj) are shown plotted versus 1/T
in Figure 3.26. The slope of this curve can be used along with equation 3.20 (a form of
the Arrhenius equation) to calculate the activation enthalpy (AH) for yielding of the
foams.
(3.20) loga^- =
A//
2.3R
1__L
In this equation, R=8.3 14 J/mol*K, and To is the reference temperature from which the
data is shifted. A value for AH of 235 kJ/mol was calculated for the microcellular
polystyrene foams tested. An Eyring modeP^ (equation 3.21) was then used to calculate
the activation volume V*, which is simply the product of the area of a polymer segment
and the distance that segment must move in order for yielding to occur.
(3.21)
V T J
+ 2.303/? log
In this equation, is the imposed strain rate and is a constant. Plotting ay/T vs.
log£-^, and measuring the slope of the lines yielded, along with equation 3.21, values for
V* of 0.01 to 0.015 m^/mol. Dividing AH by V* gives an activation energy density that
may be a more true material parameter. Values of AH/V* in the range of 15,700-23,500
kjW were calculated. It should be noted that AH could also be calculated from this
equation by measuring the distance between any two curves at a constant log^,. or
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constant ay/T. Since there is a significant amount of scatter in the measured data,
however, the slope of each curve is not exactly the same, and so the distance between
lines is not a constant. Therefore, the value from equation 3.20 was used for calculating
the activation energy for polystyrene foams.
This same type of analysis can be applied to the data measured for solid
polystyrene as well. A master curve from the compressive yield stress data for solid
polystyrene is shown in Figure 3.27. The shift factors are plotted in Figure 3.28 as a
function of 1/T. For solid polystyrene, a AH of 175 kJ/mol was calculated using equation
3.20 (195 kJ/mol from equation 3.21). Using equation 3.21, V* was calculated in the
range of 0.0012 to 0.0015 mVmol. This yields an activation energy density AH/V* of
1 17,000 to 146,000 kJ/mol.
Conventionally, only activation energy values are reported. Comparison of the
microcellular polystyrene foam and solid polystyrene values, however, does not make
sense, as the solid has a lower activation energy than the foam. Calculation of an
activation energy density, however, takes into account the increase in volume for the
foam and perhaps provides a truer material parameter.
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Figure 3.25: Master curve for the compressive yield stress of microcellular polystyrene
foams. Data was shifted relative to a reference temperature of 25 "C.
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Figure 3.26: Shifl factor as a function of temperature for microccllular polystyrene foams
(from compressive yield strength data). A value of 235 kJ/mol was calculated for the
activation energy.
114
120 —
^
1 00
00
§ 80 —
60 —
1 I I 1 1 1 1
25 °C
'
1
1 1 1 1
1
1 1 1 I ]—1—1
—
1 1
• 40 "C
60 "C
80 "C
Reference Temperature = 25 "C
J I Lrill 1 1 1 1 1 1 1 1 1 1 1 1
8 0
Log (ca,p) (mill *)
Figure 3.27: Master curve for the compressive yield stress of solid polystyrene. Data was
shifted relative to a reference temperature of 25 °C.
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Figure 3.28: Shift factor as a function of temperature for solid polystyrene (from
compressive yield stress data). A value of 175 kJ/mol was calculated for the activation
energy.
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3.4 Conclusions
Microcellular polystyrene foams prepared using SC CO2 as a foaming agent were
tested in compression. The effect of cell size and shape on the compressive yield stress
of the foams can be predicted using an anisotropic foam microbuckling model. In
general, the compressive strength of the foams increases as the size of the cells increases
due to a corresponding increase in cell wall thickness. The compressive strength of
bimodal foams was also determined and found to be governed by the collapse of the
smaller set of cells. Heterogeneous, progressive buckling of the microcellular structure
has been shown to occur as the foam samples are compressed. This has been compared
with and modeled similarly to the development of a stable neck in polymers subjected to
uniaxial tension, allowing for the calculation of a specific energy of densification for the
foam structure.
Foams made from SAN, HIPS and ABS were also tested in compression. Since
these structures were more heterogeneous, both within the materials themselves and in
the cell structure, the collapse occurred in a uniform fashion on both the microscopic and
macroscopic level.
Lateral constraint of microcellular polystyrene foam samples in compression was
evaluated by conducting plane strain compression tests. Constraint at the specimen
boundary was found to have little effect on the strength of a foam or the cellular collapse
mechanisms. The only deviation from the uniaxial test results arose in foams with
densities greater than 0.40 g/cm^ where the predictions of the microbuckling model also
failed.
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Investigations into the temperature and strain rate dependence of solid polystyrene
and microcellular polystyrene foam properties were also conducted. Yield stress was
found (as expected) to increase with strain rate and decrease with temperature. The loss
in strength due to temperature increase is predicted from the yield stress of the solid
according to a plastic collapse model, not the solid modulus as a microbuckling model
predicts. Master curves were constructed for both the solid and the foam, and activation
energy densities were calculated.
3.5 Future Work
There is still a great deal of work that could be done to follow up on these studies.
For instance, it would be interesting to measure the properties of the foams in two
different directions if appropriate specimens could be prepared, since so many anisotropic
foam structures exist and property anisotropy should not be ignored. This would allow
for further characterization of the anisotropic nature of the materials and comparison with
existing theory. Conducting the temperature and strain rate studies on samples with a
range of cell structures could help in developing a more comprehensive model for foam
property prediction. It would also be interesting to use these microcellular foam
structures for conducting creep experiments. The creep behavior of foams is very
important in structural applications, as it is necessary to know if, and when, catastrophic
failure will occur under an applied load. Foams made at low temperatures having small
spherical cells can be more properly thought of as solids with holes, and could therefore
be used in fracture toughness studies of voided materials.
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CHAPTER 4
SYNTHESIS, CHARACTERIZATION, AND EXPANSION OF
POLY(TETRAFLUOROETHYLENE-CO-
HEXAFLUOROPROPYLENEVPOLYSTYRENE BLENDS PROCESSED IN
SUPERCRITICAL CARBON DIOXIDE
4.1 Introduction
As discussed in Chapter 2, the majority of microcellular foams have been
prepared from amorphous polymers, with some additional work done recently on semi-
crystalline polymers. There have been very few reports to date, however, on
microcellular composite foams. Nyitray and Williams prepared composite foams by
taking a polystyrene emulsion foam with large cells, and filling it with silica aerogel. "^^
This produced a structure with the mechanical integrity of the polystyrene foam, and the
small cell sizes from the aerogel. Matuana et.al. have prepared microcellular foamed
PVCAVood-Fiber composites using CO2 in order to improve the impact strength of
wood-fiber composites (although at the expense of the modulus and tensile strength.'^^
Very little work has been done on the foaming behavior of immiscible blends.
Lee et. al. reported the extrusion of low density polyethylene (LDPE)/polystyrene foamed
blends with SC COiP"^ Only the effects of CO2 content and die pressure were studied for
one blend composition. Doroudiani et. al. reported the microcellular foaming of
HDPE/isotactic polypropylene blends using C02.^5 Each blend composition was foamed
at one condition, which was different in each case. The immiscible blend interfaces were
found to provide favorable heterogeneous nucleating sites. There have been no
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comprehensive studies on the effects of blend composition and morphology and foaming
conditions on microccllular composite foams.
This chapter describes an initial effort to create microccllular composite polymer
foams. Since the foam structure created using SC CO2 is dependent upon the
concentration of CO2 in the polymer, it should be possible to create a foam with multiple
cell structures from a polymer blend, since the CO2 solubility would be different in each
polymer domain. Alternatively, the foaming of a difficult to foam substrate could be
enhanced by a more "foamable" second component.
The McCarthy research group has recently reported a method for producing
polymer composite materials that involves the supercritical fluid (SCF) - assisted infusion
of reagents into and subsequent reaction within and onto organic polymer substrates.
54.76 example of this that has been studied in detail is the infusion of vinyl monomer
and free radical initiator as a supercritical (SC) CO2 solution into a range of
semicrystallinc and amorphous polymers and subsequent thermally induced
polymerization. Styrene can be polymerized within semicrystallinc polymer substrates to
create polymer blends with kinetically trapped morphologies.-^ ''"^^^ This is illustrated
schematically in Figure 4. 1
.
1 ) do pressurize
2) react
OR
1 ) read
2) dcprcssuri/c
Figure 4. 1 : Schematic illustration of the reaction procedure used for creating polymer
blends in SC CO2.
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The SC solution swells the amorphous phase in which a reaction rate-limited
polymerization occurs. The nascent polystyrene is neither soluble in the SC solution nor
miscible with the amorphous substrate, thus it precipitates, forming a discrete phase
within the amorphous network. The polymerization drives re-equilibration of styrene
from the fluid phase into the amorphous phase of the substrate, equilibration of styrene
into the nascent polystyrene phase, and further polymerization. Blends with polystyrene
content in great excess over the equilibrium concentration of styrene in the substrate can
be prepared. The crystalline phase of the substrate frustrates any large-scale phase
segregation and co-continuous blends result.
The goal of this work, was to combine the foaming and blend synthesis procedures
to create composite microcellular foams using SC CO2 as both the solvent for chemical
modification reactions and as the foaming agent. The creation of composite foams was
attempted either directly during the synthesis procedure or by foaming the dense
composites in a subsequent processing step.
It has been observed that composite foams can be produced when synthesis
temperatures exceed the crystalline melting point of the polymer substrate (which may or
may not be depressed by the COi/styrene solutions).^^ This has been observed for two
substrate materials, high density polyethylene (HOPE) and poly(4-methyl-l-pentene)
(PMP). HDPE/polystyrene composite foams of various compositions are produced when
the reaction temperature (140 °C) is greater than the crystalline melting point of HOPE
(137 °C). Closed cell foams that completely fill the reaction vessel are produced.
Foaming is observed (in a view cell) to occur during the depressurization step following
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the reaction period. Expanded foam composites are also observed with PMP/polystyrene.
In this case the foams are created at temperatures approximately 100 "C below the
melting point of PMP. The melting point of the PMP is depressed in the presence of the
monomer/C02 solution.
Therefore, in addition to the preparation of homogeneous microcellular foams, the
preparation of microcellular foams containing two different polymer components was
investigated. There were two initial goals for producing composite microcellular foams.
First, it was desired to foam a substrate under conditions where it normally would not
foam by incorporation of a second more "foamable" component such as polystyrene. The
second type of composite foam that was investigated was one in which the two
components are phase-separated on a large enough scale so that a composite foam with
two different cell morphologies was created. With these composite foams, the aim was to
be able to control the kinetically trapped blend morphology, and determine how this, in
turn, affects the foaming behavior.
In this chapter, the investigation of poly(tetrafluoroethylene-co-
hexafluoropropylene (FEP) as a substrate for blends and composite foams is discussed.
This substrate was chosen for several reasons: it is not easily modified by conventional
means and blends may function as useful modified materials, and fluoropolymers have
been shown to be compatible with CO2. Mertdogan et al. have shown that FEP
copolymers can be dissolved in CO2, although at pressures in excess of 14,000 psi.77
The conditions used for foaming and preparing blends, however, are well below (<
8000
psi) the conditions required for dissolving FEP. Specific objectives of the
work were to
(1) determine the phase behavior of CO2 and styrene in FEP, (2)
prepare blends and
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determine conditions that can be used to control composition, (3) characterize the blends
in terms of their morphology, thermal stability and the molecular weight of the nascent
polystyrene phase and (4) assess their suitability as foam precursors.
In general, fluoropolymer foams are attractive due to their outstanding physical,
chemical and electrical properties, making them suitable for use in corrosive and high
temperature environments. Commercially, melt extrudable fluoropolymers are expanded
using blowing agents such as CO2, freons and nitrogen in combination with nucleating
agents such as talc, silicon dioxide, zinc stearate, aluminum oxide or clay.' FEP is
foamed commercially by continuous melt extrusion using difluorochloromethane as a
blowing agent. Void fractions are controlled by extruder pressures, which, in turn,
control the amount of gas dissolved in the polymer. The primary end use for closed-cell
FEP foams are as coaxial cable dielectric for electronic, plenum and aerospace
applications.
4.2 Experimental Procedures
4.2.1 Materials
Slyrene was purchased from Aldrich and refluxed over and distilled from calcium
hydride. Ethylbenzene and /c-rz-butylperbenzoate were obtained from Aldrich and used
as received. Carbon dioxide (Coleman Grade, 99.99%) was purchased from Merriam
Graves and passed through columns containing alumina and a copper catalyst (Engelhard
Q-5) to remove water and oxygen.
Three different FEP samples were obtained from DuPont, each containing
different amounts of the tetrafluorocthylene (TFE) and hexafluoropropylene
(HFP)
comonomer units. The properties of these materials are listed in Table
4. 1
.
Some
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preliminary work was done with the SF50 and SF25 samples, demonstrating that they
foamed readily in CO2 (see section 4.5.1) and were capable of producing foamed
composites. These materials, however, are experimental grades of FEP which are quite
expensive as well as inconsistent from sample to sample. In addition, since they foamed
in CO2, it was not necessary to incorporate polystyrene to enhance foamability. It was
therefore decided to investigate the possibility of foaming the commercial FEP4100 and
also producing foamed composites of this material with polystyrene.
Table 4. 1 : Properties of the three FEP grades that were used in these studies
SF50 SF25 FEP4 1 00
Copolymer
Composition
(TFE/HFP)
50/50 75/25 87/13
% Crystallinity*
(measured by DSC)
0% 0% 24-28%
Tg
(DMTA)
40°C 55°C 85°C
(DSC)
** ** 24rc
Density
(measured)
2.0 g/cm^ 2.1 g/cm"' 2.1 g/cm*
*Value used for heat of fusion is 92.9 J/g
** No melting transition was observed by DSC
4.2.2 Methods
Reactions were run in 316 stainless steel reaction vessels fabricated from
hexagonal pipe that was threaded to accept 1/4 in NPT fittings. One end of the vessel
was plugged and the other attached to a 1/8 in high pressure valve (High Pressure
Equipment). The reaction vessels were filled with CO2 from a high-pressure manifold
described elsewhere.50 A pre-weighed FEP substrate was placed in the reaction vessel
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along with the styrene monomer and initiator and the vessel purged with CO2. The vessel
was then weighed, preheated to the fill temperature, and filled with SC CO2. It was then
allowed to soak at a temperature at which the half-life of the initiator is on the order of
hundreds of hours, in order to allow the reactants and CO2 to diffuse into the substrate.
After this soak period, the temperature was raised to initiate the polymerization. After
the reaction period, the CO2 and any excess monomer in the fluid were vented from the
vessel. This was followed by a post-reaction period under nitrogen to allow any residual
monomer to polymerize or diffuse from the substrate.
In all experiments the soak conditions were kept unchanged at 80 °C, 3530 psi
and 5 hours. The post-reaction conditions were also kept constant at 100 °C and 6 hours.
The initiator used was /erf-butylperbenzoate at a concentration of 0.3 mol% relative to
styrene. Reaction temperatures of both 100 °C and 120 °C were examined, but due to the
low equilibrium solubility of the monomer in the FEP substrate, the 100°C temperature
was found to yield higher polystyrene uptakes. This can be attributed to a slower reaction
rate (at the lower temperature) which allows the repartitioning of the reactants into the
substrate during the reaction period. In all the experiments described here, a 100 °C
reaction temperature was used. The half-life of the initiator in benzene at 100 °C is
reported to be 18 hours.''^
Foaming experiments were performed according to the method described in
Chapter 2, and in the same vessels described above. The samples to be foamed were
soaked in SC CO2 until saturated and then rapidly depressurized to atmospheric pressure.
The external temperature of the vessel was maintained constant during the
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depressurization step. After decompression, the vessel was removed from the
temperature bath, allowed to cool, and the specimen was removed.
Densities were calculated by measuring the volume of water displaced by a
sample and dividing this value into its mass. Differential scanning calorimetry (DSC)
measurements were conducted on a DuPont 2000 differential scanning calorimeter under
flowing, dry nitrogen at a heating rate of 10 °C per minute. Dynamic mechanical thermal
analysis (DMTA) was performed on a Polymer Laboratories Mark I dynamic mechanical
thermal analyzer at a frequency of 1 Hz and a heating rate of 2 °C per minute. Molecular
weight determinations were made by gel permeation chromatography (GPC) on a
Polymer Laboratories gel permeation chromatograph with a UV detector and THF as the
mobile phase. Scanning electron microscopy (SEM) was performed on a JEOL 35 CF
scanning electron microscope. Backscattered electron images were obtained on a JEOL
6320F field emission scanning electron microscope (FESEM). Samples for FESEM were
prepared by cryomicrotoming the sample with a glass knife at -120 "C to create a smooth,
featureless surface. The sample was then stained with ruthenium tetraoxide vapor, which
reacts with the polystyrene phase in the blend.
4.3 Absorption Kinetics
In order to determine the equilibrium solubility, diffusivity and equilibration
kinetics for CO2 in FEP at a given set of processing conditions (80 °C, 3530 psi), the
absorption/desorption kinetics were measured according to the method of Berens that was
described in section 2.3.46.57 As before, percent mass uptakes were calculated from the
desorption data and the results plotted versus the square root of desorption lime.
This
procedure yielded linear plots indicative of Fickian diffusion kinetics, an
example of
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which is shown in Figure 4.2. Linear extrapolation to zero desorption lime gives the
uptake of CO2 at the end of the sorption period. A series of sorption times was studied in
order to determine when equilibrium is reached. An equilibrium mass uptake of 4.4 %
CO2 was attained in less than 30 min under these conditions. The FEP samples remained
clear and unfoamed during the absorption experiments.
In addition to the uptake of CO2 by the substrate, the equilibrium uptake of
styrene by FEP was measured. To determine this value, ethylbenzene, a non-
polymerizing model for styrene was used. To measure the amount absorbed by the
substrate in CO2, 30 wt% of ethyl benzene (based on CO2) was added to the vessel along
with CO2 at 80 °C and 3530 psi. Samples were soaked for various lengths of time and
then vented. The CO2 was allowed to desorb from the sample prior to recording mass
loss over a period of several days. These values were then extrapolated back to zero
desorption time to determine the amount of ethylbenzene absorbed by FEP at the end of
the sorption period. Again, absorption was very rapid, with an equilibrium uptake of 0.4
% attained in less than an hour. For comparison, the uptake of ethylbenzene was
measured under neat conditions by soaking the samples in ethyl benzene at 80 °C. Under
these conditions, less than 0. 1 % uptake was attained after 8 hours (Figure 4.3). For both
CO2 and ethylbenzene, absorption into FEP was too rapid for a diffusivity to be
calculated.
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Figure 4.2: Representative (80 °C, 3530 psi, 2 hour soak) desorption profile of CO2 from
FEP. An equilibrium uptake of 4.4% is attained in less than 30 min for a 1/16 in thick
sample.
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Figure 4.3: Absorption of penetrants into FEP as a function of time. Equilibrium uptalces
of 4.4% CO2 and 0.4% ethyl benzene (a non-polymerizing model for styrene) in CO2 (80
°C and 3530 psi) are attained in less than 30 minutes. Less than 0.1% neat ethylbenzene
is absorbed in 8 hours at 80 °C.
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4.4 FEP/Polystyrene Blends
4.4.1 Blend Synthesis
In order to control the resulting blend composition, two synthetic yariables were
examined: the concentration of styrene monomer in CO2 and the length of the reaction
period. To study the effect of styrene concentration on the blend composition, the
reaction time was fixed at 16 hours. Beyond a monomer concentration of 30 wt% styrene
in CO2, the fraction of polystyrene in the FEP substrate reaches a plateau value of
approximately 19 wt% as shown in Figure 4.4. Based on this result, a concentration of
30 wt% styrene was chosen for all subsequent experiments in order to maximize
polystyrene uptake.
It should be noted that all of these blends were recovered as dense materials (they
were not foamed). To attempt to make composite foams using the reaction procedure,
blends with a higher concentration of polystyrene, which foams readily at 100 °C were
necessary.
With the styrene concentration now held fixed at 30 wt%, the length of the
reaction period was varied, holding all other conditions constant. Again, the amount of
polystyrene incorporated into the blend levels off at a value of approximately 35 wt%
(Figure 4.5). With the density of FEP being more than twice that of polystyrene, greater
than half the volume of these blends consists of polystyrene. It is also interesting to note
that these blends did not foam, even with such large amounts of polystyrene in the
blend.
As shown in Chapter 2, polystyrene alone foams readily under these conditions.
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Figure 4.4: Effect of styrene concentration in CO2 on the composition of FEP/polystyrene
blends. Reaction time was held constant at 16 hours.
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Figure 4.5: Effect of reaction time on the composition of FEP/polystyrene blends
Monomer concentration was held constant at 30 wt% in CO2.
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4.4.2 Characterization of the Blends
4.4.2.1 Thermal Properties
Thermal properties of the blends were measured using DSC and DMTA. There
were two questions to be answered by these techniques: does the incorporation of the
polystyrene affect the crystallinity of the FEP substrate, and are the individual TgS
preserved for the two components of the blend? A DSC scan for a FEP/polystyrene
blend containing 1 8 wt% polystyrene is shown in Figure 4.6. No Tg for the FEP is
observed by DSC, either alone or in the blend sample. In the blend, a distinct polystyrene
Tg is observed at 100 °C, its normal value. In addition, the melting point of the FEP
remains essentially unchanged from the unmodified sample. The percent crystallinity of
the blend is lower than that in the unmodified FEP, but when the incorporation of the
amorphous polystyrene component is accounted for, the percent crystallinity of the FEP
component also remains unchanged. These facts indicate that the polystyrene is formed
only within the amorphous regions of the FEP, leaving the crystalline portions
unaffected. Additional studies have shown this to be the case for HDPE/polystyrene'^^
and poly(chlorotrifluoroethylene)/polystyrene5i blends prepared by this method as well.
In order to determine the Tg for the unmodified FEP as well as the blend samples,
DMTA scans were conducted at a heating rate of 2 °C per minute using a single
cantilever beam sample. The tan 5 plots are shown in Figure 4.7. The FEP shows two
transitions, a Tg at 85 °C and a lower temperature transition near -50 °C. In the blends,
these two transitions remain unchanged, and a polystyrene Tg appears at slightly higher
than 100 °C.
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Figure 4.6: DSC scan at 10 °C/min for a pure FEP sample and an FEP/polystyrene blend
sample containing 18 wt% polystyrene.
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Figure 4.7: DMTA scans at 2 °C/min for a pure FEP sample and an FEP/polysty
blend sample containing 1 1 wt% polystyrene.
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4.4.2.2 Molecular Weight Determination
To determine the molecular weight of the polystyrene synthesized within the FEP
substrate, blend samples were extracted m refluxing THF overnight and the resulting
THF/polystyrene solutions analyzed by GPC. Results are shown in Table 4.2. As wa
the case for another system,76 the molecular weight of the polystyrene formed within the
blends is significantly higher than that which polymerizes in the CO2 phase outside of the
substrate. The molecular weight also appears to increase with the addition of a post-
reaction period and increases with the length of the reaction period. The post-reaction
also lowers the polydispersity. It should also be noted that some polymerization does
occur during the soak period, although uptakes are quite low. From this data, we
conclude that high molecular weight polystyrene is formed within the FEP substrates. It
should be noted, however, that not all of the polystyrene was removed during the
extraction due to the extreme solvent resistance of the FEP substrate. These numbers
may not, therefore, be representative of the entire amount of polystyrene within the blend
samples.
Table 4.2: Molecular weight of polystyrene formed during synthesis of FEP/polystyrene
blends
Reaction Time
0 hours 16 hours 90 hours
Inside blend
(before post-
reaction)
Mn = 59K
Mw = 347K
PDI = 5.8
Mn = 96K
Mw = 390K
PDI = 4.1
Mn= 165K
Mw = 545K
PDI = 3.3
Outside blend
(before post-
reaction)
Mn= 16K
Mw = 64K
PDI = 4.1
Mn= 16K
Mw = 60K
PDI = 3.8
Mn = 41K
Mw = 236K
PDI = 5.8
Inside blend
(after post-
reaction)
Mn= 196K
Mw = 485K
PDI = 2.5
Mn = 214K
Mw = 546K
PDI = 2.6
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4.4.2.3 Phase Morphology
In order to determine the phase morphology of the FEP/polystyrene blends that
were prepared, three samples were viewed in the backscattered electron imaging (BEI)
mode using a FESEM. The samples were first cryomicrotomed to create a smooth,
featureless surface and then stained with ruthenium tetraoxide vapor, which reacts
preferentially with the polystyrene, causing the polystyrene-rich phases to appear bright
in the images. The samples were then carbon-coated and viewed using the FESEM. In
secondary electron imaging (SEI) mode, which predominantly reveals topographical
features, the surfaces appear smooth with only a faint compositional contrast coming
from the backscattered electrons, which are also collected by the SEI detector. In BEI
mode, however, the two phases are distinct. The micrographs in Figure 4.8 show these
BEI images for three different samples. Figures (a) and (b) are blends prepared with 16
hour and 90 hour reaction times containing 29 vol% and 50 vol% polystyrene,
respectively. Both phases appear much larger for sample (b). In addition to there being
twice as much polystyrene in the blends, the longer reaction time allowed for additional
phase separation. The image in Figure (c) came from the 50 vol% sample that was
subsequently annealed in CO2 at 200 °C and 6800 psi. This blend has undergone further
phase separation in addition to voiding which is discussed further in section 4.5.2.
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(c)
Figure 4.8: Backscattered electron images of ruthenium tetraoxide - stained
FEP/polystyrene blends: (a) Blend containing 29 vol% polystyrene prepared with a 16
hour reaction period, (b) Blend containing 50 vol% polystyrene prepared with a 90 hour
reaction period, (c) The same 50 vol% sample as in (b), but which was subsequently
annealed in CO2 at 200 °C and 6800 psi (rapidly depressurized).
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4.5 Foaming Experiments
4.5.1 FEP Foams
The commercial FEP4100 that was used in all of the blend experiments described
thus far has a melting point of 240 °C and will not foam, even in CO2, at lower
temperatures under conditions accessible in our laboratory. The two amorphous grades
of FEP (SF25 and SF50), however, are able to foam at lower temperatures due to their
lower TgS and lack of crystallinity. Figures 4.9 and 4.10 show micrographs of some of
the foams that were made from these materials. SF50, which contains more
hexafluoropropylcne units and has the lowest Tg (40 °C), foams very readily at 40 °C and
above.
(a) (b)
Figure 4.9: SEM micrographs of SF25 foams pre|)ared at (a) 80 °C, 3530 psi and (b) 140
°C, 6100 psi, (CO2 density constant at 0.65 g/cm ).
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(a)
(d) (e)
Figure 4.10: SEM micrographs of SF50 foams prepared in CO2 at 3530 psi and various
temperatures: (a) 40 °C, (b) 60 °C, (c) 60 °C, edge of sample, (d) 80 °C, (e) 100 °C.
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4.5.2 Expansion of FEP/Polvstyrene Blends
Under the conditions used to prepare these blends, polystyrene would have
foamed readily. As made, however, the FEP/polystyrene blends are dense, non-foamed
materials, presumably held together by the crystallinity of the FEP substrate. Pure FEP is
not foamable below its normal melting point because the SC CO2 does not penetrate the
crystalline regions of the polymer and depress the melting point. With the addition of a
highly foamable polystyrene component, it was hoped that the blends might be capable of
foaming at temperatures below the melting point of the FEP.
All attempts at foaming FEP/PS blends were conducted on samples having
approximately 50% by volume of each polymer, as these contained the highest
polystyrene content, making them most likely to foam. An SEM micrograph of the initial
blend is shown in Figure 4.1 1. Even at higher magnifications, there is no evidence of a
cellular structure. The density of this blend was measured to be 1 .4 g/cm^
Figure 4. 1 1 : SEM micrograph of an FEP/polystyrene blend containing 50 vol%
polystyrene.
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The first post-reaction foaming experiments on PHP/polystyrene blends were
conducted at conditions of 140 "C and 6100 psi of CO2, with rapid depressuri/.alion after
a soak period of 6 hours. The resulting material retained its planar geometry but had a
density that was reduced to 0.93 g/cm\ Upon examining the sample by SliM (iMgure
4. 12), however, it appears as though the FEP and polystyrene phases debonded from one
another instead of forming a cellular structure within either or both of the individual
phases. This is presumably the ca.se since the polystyrene domains are restricted by ilic
rigid VVA* crystalline domains, and the non-compatibilized interface between the two
pha.ses provides the weakest point for expansion to occur. Figure 4. 12 (c) reveals that the
polystyrene pha.se migrates towards the edges of the sample under these conditions.
At 200 °C and 6800 psi, the polystyrene is even more mobile, allowing
approximately 25 wl% lo migrate completely out of the sample and coal the outside
surface as "beads" of polystyrene, b'igure 4. 13 (a photograph of the sample following the
soak in CO2) shows graphically that the blend undergoes large .scale phase separaln)n ni
preference to forming a composite foam. Lillle or no expansion is observed under these
conditions.
Several control foaming experiments were carried out above the melting point of
the FEP substrate (at a temperature of 250 °C). These materials are grossly phase-
separated, cannot be considered composite foams, and were not studied in any detail.
One sample exhibited a density of 0.55 g/cn\^ and an irregular cellular structure (Figure
4.14).
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(a)
(c)
Figure 4.12: SEM micrographs of an FEP/polystyrene blend (50 vol% polystyrene) after
a 6 hour soak in CO2 at 140 °C and 6100 psi, followed by rapid depressurization:
(a)
Middle of the sample, (b) Higher magnification, (c) Edge of the sample.
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Figure 4.13: Photograph of an FEP/polystyrene blend sample originally containing 50
vol% polystyrene following a soak in CO2 at 200 °C and 6800 psi. The surface of the
FEP substrate is coated with "beads" of polystyrene that migrated from the substrate as a
result of large scale phase segregation in supercritical CO2.
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Figure 4.14: SEM micrographs of an FEP/polystyrene blend (50 voI% polystyrene) after
a soak in CO2 at 250 °C, followed by rapid depressurization: (a) Middle of the sample,
(b) Higher magnification.
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4.6 Conclusions
An equilibrium mass uptake of 4.4 % CO2 in FEP was attained in less than 30 min
at 80 "C and 3530 psi. Less than 0.5 % ethyl benzene (a non-polymerizing model lor
styrene) was absorbed by FEP (in CO2) under the same conditions. FEP/polystyrene
blends, with volume incorporations up to 50% polystyrene, were prepared by free-radical
polymerization of styrene in SC C02-swollen FEP. Polystyrene incorporation and phase
morphology were readily controlled by styrene concentration and reaction time. The
crystallinily and glass transition of the FEP are unaffected by the addition of the
polystyrene component, indicating that the polymerization occurs exclusively in the
amorphous domain of FEP and that the two polymers are immiscible. The molecular
weight of the polystyrene formed within the FEP substrate is significantly higher than
that which formed in the SC CO2 pha.se outside of the substrate. At conditions under
which expansion in polystyrene occurs, the blends were not foamed to low density
materials even with large amounts of incorporated polystyrene. The crystalline domains
remained unaffected by either the polystyrene component or the CO2, and presumably
prevent expansion. FEP is not capable of foaming at temperatures below its melting
point, even in CO2, although two amorphous grades of FEP can be foamed at reasonably
low temperatures. During high temperature soaks in CO2, the polystyrene phase in the
blends becomes highly mobile due to a high degree of plasticization by CO2, which leads
to large-scale phase segregation and even migration of the polystyrene out of the blends.
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CHAPTER 5
PREPARATION AND CHARACTERIZATION OF P0LY(4-METHYL-1
PENTENE)/POLYSTYRENE BLENDS AND COMPOSITE FOAMS
5.1 Introduction
Since using FEP as a substrate material did not yield the desired results for
composite foams, poly(4-methyl-l-pentene) (PMP) was chosen as an alternate substrate,
based upon the earlier results of Watkins.'^o As mentioned in Chapter 4, he observed that
microporous composite foams could be produced when synthesis temperatures exceeded
the crystalline melting point of the polymer substrate (which may or may not be
depressed by the COi/styrene solutions).^^ In the case of PMP, the foams were created at
temperatures --100 °C below the melting point of PMP. He found that the melting point
of the PMP was depressed in the presence of the monomer/COi solution. These foams,
however, were not studied in detail.
PMP is an unusual polymer, as it has a crystalline density (0.813-0.832 g/cm )
which is lower than the amorphous density (0.838-0.839 g/cm^).80 CO2 is reported to be
soluble in the crystalline domains as well as the amorphous domains (about 25-30% of
the solubility for the amorphous phase).^! It is highly temperature and chemically
resistant with a softening point of 160-170 °C, a melting point of 230-240 °C, and glass
transition temperature of 22-30 °C. It is also one of the most gas-permeable plastics.
Microcellular PMP foams have been prepared at Los Alamos National Laboratory
for use as inertial confinement fusion targets.2.3
1,82,83 These foams are prepared by the
thermally induced phase separation technique, using solvents such
as cyclohexane.
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Williams and Moore have prepared flexible PMP foams that they state could And
applications as replacement parts for arteries and veins or as Alter devices. ^3
5.2 Experimental Procedures
5.2.1 Materials
PMP was purchased from Scientific Polymer Products Inc. in the form of pellets
and compression molded into 1/16 in plaques. Crystallinity was measured by DSC to be
51% using a value for heat of fusion of 61.9 J/g.84 A melting transition at 235 °C and a
glass transition (Tg) at 30-35 °C were measured by DSC, and a Tg of 35-45 °C was
measured by DMTA. The density was measured and found to be 0.83 g/cm^ Styrene
was purchased from Aldrich and refluxed over and distilled from calcium hydride.
Ethylbenzene and /erf-butylperbenzoate were obtained from Aldrich and used as
received. Carbon dioxide (Coleman Grade, 99.99%) was purchased from Merriam
Graves and passed through columns containing activated alumina and a copper catalyst
(Engelhard Q-5) to remove water and oxygen.
5.2.2 Methods
Reactions were run in the same vessels and using the same procedure as outlined
in Chapter 4. In all experiments the soak conditions were kept unchanged at 80 °C, 3530
psi and 3 hours. The post-reaction conditions were also kept constant at 100 °C and 6
hours. The initiator used was rerr-butylperbenzoate at a concentration of 0.3 mol%
relative to styrene. Reaction temperatures of both 100 °C and 120 °C were examined in
order to determine the effects of reaction temperature on both blend composition and
composite foam formation.
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PMP/polystyrene blends were also prepared by extrusion, using a single-screw
Brabender extruder. Mixed pellets (composition determined by weight) were fed into the
extruder for a single pass at 275 °C and collected as rods which were then used as is or
compression molded into a plaque, also at 275 °C.
Foams were prepared in the same manner as described for the microcellular
polystyrene foams in Chapter 2. The samples to be foamed were soaked in SC CO2 until
saturated and then rapidly depressurized to atmospheric pressure. The external
temperature of the vessel was maintained constant during the depressurization step. After
decompression, the vessel was removed from the temperature bath, allowed to cool, and
the specimen was removed.
The blends and foams were characterized to determine their densities and cell
morphologies (if any). Densities were calculated by measuring the volume of water
displaced by the sample and dividing this value into the sample mass. Three
measurements were taken and averaged for each sample, and the standard error was
calculated. If uptake of water by the samples occurred during the measurement process,
the volume of the sample was calculated from its dimensions. The cellular structure was
examined by cryo-fracturing the specimen at liquid N2 temperature, sputter-coating with
gold, and viewing with a JEOL 35CF scanning electron microscope (SEM).
Blend phase morphologies were observed using a permanganic acid etching
technique, after several attempts at using transmission electron microscopy (TEM) and
back-scattered electron imaging with FESEM on stained samples failed. The ruthenium
tetraoxide used to stain the styrene domains in the blends may have also permeated into
the PMP domains, preventing a clear morphological distinction by either TEM or
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FESEM. The etching technique used was a sHght modification of a method reported by
Patrick et. al. for bulk polyethylene. ^5
An etching solution was prepared from 5 mL of concentrated sulfuric acid added
to 5 mL of orthophosphoric acid. 0. 175 g of potassium permanganate crystals was added
to the acid solution and the solution was sonicated for 1 hour. Blend samples that had
been microtomed at the surface and rinsed in water were then added to the dark green
solution. The vessel was then sonicated for 1 hour. Longer etching times were
examined, but did not change the resulting morphology. After etching, the samples were
removed from the solution and rinsed sequentially in four different solutions: a 7:2
solution of distilled water and sulfuric acid (chilled), hydrogen peroxide (chilled),
distilled water at room temperature, and methanol.
The permanganic acid solution etches away the PMP domains, leaving behind the
polystyrene as raised domains, which are readily visible in SEM. This was confirmed by
etching pellets of PMP and polystyrene and measuring weight loss. The polystyrene did
not lose any mass, while the weight of the PMP pellet decreased by 4%. The etched
blend surfaces were then sputter-coated with gold and viewed by SEM.
Differential scanning calorimetry (DSC) measurements were conducted on a
DuPont 2000 differential scanning calorimeter under flowing, dry nitrogen at a heating
rate of 10 °C per minute. Dynamic mechanical thermal analysis (DMTA) was performed
on a Polymer Laboratories Mark I dynamic mechanical thermal analyzer at a frequency
of 1 Hz and a heating rate of 2 °C per minute. Molecular weight determinations were
made by gel permeation chromatography (GPC) on a Polymer Laboratories gel
permeation chromatograph with an UV detector and THF as the mobile phase. Scanning
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electron microscopy (SEM) was performed on a JEOL 35 CF scanning electron
microscope. Infrared spectroscopy (IR) was performed on a Bio-Rad 175C FTIR.
5.3 Absorption Kinetics
The equilibrium solubility and kinetics for absorption and dcsorption of CO2 in
PMP (from which the CO2 diffusivity can be calculated) at a given set of processing
conditions (80 °C, 3530 psi) were measured according to the method described by Berens
that was described in section 2.3.46.57 ^ representative CO2 desorption curve (2 hour
soak) is shown in Figure 5. 1
.
Extrapolation of the initial linear portion of the curve to
zero desorption time gives the uptake of CO2 at the end of the sorption period. The
curvature at longer times indicates non-Fickian diffusion behavior. Since CO2 is reported
to be soluble in the crystalline domains as well as the amorphous domains, and diffuses
from the crystalline regions at a lower rate,^' this curvature could be due to a
combination of diffusion from both of these domains. A series of sorption times were
studied to determine when equilibrium was reached. An equilibrium mass uptake of
16.7% CO2 is absorbed within 1 hour, indicating that PMP is capable of swelling quickly
and significantly with CO2.
The diffusivity of CO2 into PMP was calculated using the equation derived by
Crank^s for diffusion in a plane sheet (also described in section 2.3),
where M, is the mass uptake at time t, Moo is the equilibrium mass uptake, D is the
diffusivity (cm^/s), and / is the original unfoamed thickness. Based on equation 5.1,
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(5.1)
plot (Figure 5.2) was made of M,/M« vs. t/P and curve-fit to solve for the diffusivity,
which was found to be 2.85* 10"^ cm^/s under these conditions. As was observed for
polystyrene, a maximum in the absorbed amount was observed, this time much more
strongly. For PMP, this could be due to additional crystallization in CO2 as well as
extraction of low molecular weight components.
As with the FEP substrates described in Chapter 4, the equilibrium uptake of
styrene was determined for PMP. Again, ethylbenzene was used as a non-polymerizing
model for styrene. 24 wt% of ethyl benzene (based on CO2) was added to the vessel
along with PMP and CO2 at 80 °C and 3530 psi. Samples were soaked for various
lengths of time and then vented. The CO2 was allowed to desorb from the sample prior to
recording mass loss over a period of several days. These values were then extrapolated
back to zero desorption time to determine the amount of ethylbenzene absorbed by PMP
at the end of the sorption period. An equilibrium uptake of 5.8% ethylbenzene is attained
within 1 hour. The uptake of ethylbenzene under neat conditions was also measured by
soaking the samples in ethylbenzene at 80 °C. Under these conditions, 45 % uptake was
attained in 2 hours. This is not a valid comparison, however, as PMP may be partially
soluble in neat ethylbenzene under these conditions. These data are plotted in Figure 5.3.
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Figure 5.1 : Representative (2 hour soak) desorption plot of CO2 from PMP. Absorption
was carried out at 80 °C and 3530 psi.
153
II
Figure 5.2: CO2 absorption kinetics into PMP at 80 °C and 3530 psi. The diffusivity
during absorption was calculated to be 2.85* 10' cm /sec.
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Figure 5.3: Absorption of penetrants into PMP as a function of time. Equilibrium mass
uptakes of 16.7% CO2 and 5.8% ethyl benzene in CO2 (80 °C and 3530 psi) are attained
within 1 hour. 45% neat ethylbenzene is absorbed in 2 hours at 80 °C.
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5.4 PMP/Polystvrene Blends
Composite foams can be prepared either directly as part of the synthetic procedure
or in a subsequent foaming step. Regardless of the method, the blend synthesis must be
studied in order to control the composition and phase morphology of the blends.
Synthetic variables such as reaction temperature and monomer concentration can be used
to vary these parameters. Composite foams were expected at higher reaction
temperatures and higher monomer concentrations. The goal of the blend studies was to
create a range of blend compositions and morphologies that could be used in subsequent
foaming experiments.
5.4.1 Blend Synthesis
Styrene concentration was found to be the most convenient and effective method
for controlling blend composition. Reaction temperatures of 100 °C and 120 °C were
attempted. The data for this set of experiments is plotted in Figure 5.4. Solid symbols in
the plot are for blends that were recovered as dense materials; open symbols are blends
that were recovered as composite foams. Compositions were controlled over a very wide
range, from pure PMP, to a blend with greater than 75% polystyrene. Blends made from
monomer concentrations less than 36 wt% in CO2 were recovered after the post-reaction
step as dense blends. SEM micrographs of two of these blends are shown in Figure 5.5
(b) and (d). If the blends are examined before running the post-reaction, however, the
presence of small voids within the materials are observed. These micrographs are shown
in Figure 5.5 (a) and (c). This porous structure is "healed" during the post-reaction phase
to create the final dense blend containing no voids.
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Figure 5.4: Effects of temperature and styrene monomer concentration in CO2
PMP/polystyrene blend composition.
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Figure 5.5: SEM micrographs of PMP/polystyrene blends prepared with and without
post-reactions, showing how the porous structure that is present after the reaction period
is "healed" during the post-reaction phase: (a) Blend made with 13 wt% monomer
containing 46 wt% polystyrene before the post-reaction (b) Blend made with 13 wt%
monomer containing 50 wt% polystyrene after the post-reaction (c) Blend made with 25
wt% monomer containing 70 wt% polystyrene before the post-reaction (d) Blend made
with 25 wt% monomer containing 73 wt% polystyrene after the post-reaction.
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At 1 00 °C with monomer concentrations of 36 wt% and above (lower
,
concentrations at higher reaction temperatures), the blends are recovered as highly
I
expanded composite foams. These composite foams have very irregular cell structures,
'
I
I
as shown in the micrographs in Figure 5.6. At very high monomer concentrations, the
,
melting point of the PMP substrate is depressed due to the high solubility of styrene in
PMP. This allows foaming to occur during the depressurization step at temperatures
over 100 °C below the melting point of PMP. This is in contrast to other substrates such
as high density polyethylene, where the reaction temperature must exceed the melting
temperature in order for composite foam formation to occur. This point will be
discussed further in section 5.6.3.
Another interesting feature of the PMP/polystyrene composite foams created
during the synthesis procedure is the presence of tiny beads coating the inside of the cell
walls. These beads of material are not removed by a permanganic acid etch, indicating
that they consist of polystyrene. In addition, when the polystyrene is extracted from one
of these samples with THF, the beads are dissolved away along with additional material
lining the cell walls to reveal a finer cell structure within the pores of the composite
foam. Micrographs of cells in an extracted sample are shown in Figure 5.7.
The composite foams produced in this manner are difficult to control and do not
yield the types of structures we desired, so further studies were concentrated on
producing well-controlled and characterized dense blends which could then be foamed in
a separate processing step.
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Figure 5.6: SEM micrographs of a PMP/polystyrene composite foam made during the
synthesis procedure.
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IFigure 5.7: Composite foam made during synthesis procedure and after extraction with
THF: (a) Low magnification of different regions, (b) Higher magnification of individual
pores.
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5.4.2 Characterization of the B lends
-
1
1
5.4.2.1 Thermal Properties
The thermal properties of both FMP and PMP/polystyrene blends were measured
by DSC. A summary of the results is contained in Table 5.1. A PMP control sample,
which underwent the entire soak/reaclion/post-rcaclion temperature profile without the
monomer/initiator solution, was found to have a higher crystallinity than the original
PMP plaque. Since the CO2 can penetrate both the cry.stalline and amorphous regions, it
facilitates annealing of the PMP. The dense PMP/polystyrene blends .showed a
polystyrene Tg at values only slightly higher (105 °C) than its normal value of 100 °C.
The crystallinity of the PMP (after accounting for dilution of the blend with the
amorphous polystyrene component) was found to have increased from 5 1% to 78%,
although the melting point was nearly the same. DSC traces for PMP and a dense 50/50
wt% PMP/polystyrene blend are shown in Figure 5.8.
The composite foams formed during the synthesis step showed very interesting
thermal behavior. These DSC scans are shown in Figure 5.9. The melting point of the
PMP decreased slightly and its degree of crystallinity was significantly lowered, as
evidenced by the additional cryslalli/.alion peak present in the scan on l" heating. This
sample also shows a Tg of 64 "C, a value intcrmcdiale between PMP (~ 35 °C) and
polystyrene (100 °C). On second heating, (after the sample has been melted) the TgS
.separate back out to their normal values. This indicates that miscibilily was induced in
two normally immiscible components, due to dissolution of the PMP substrate by Ihe
styrene/C02 solution.
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Tabic 5. 1
:
Thermal properties of PMP and PMP/polyslyrene blends measured by DSC
Sample Tn, %
Cryslalhnily
Comments
PMP not observed
by uoL.
235 °C 51% AH = 61.9 J/g
PMP Control
Sample
not observed
by DSC 236 °C 58%
Increase in
crystallinity after
soak in CO2
PMP Foamed at
loU C
30 °C 234 °C 51% Tg visible; same
crystalhnity
PMP Foamed
with
Elhylbenzene
not observed
by DSC 234 °C 60%
Increase in
crystallinity
50/50 PMP/PS
Blend (dense)
105 "C 232 °C 39% PMP calculated to
be 78% crystalhnc
50/50 PMP/PS
Blend Foamed at
140 °C
28 C
109 "C 235 °C 28%
PMP Tg visible;
lower crystallinity
Composite Foam
ividcie m
Synthesis
Oh \^
not
1neasureu
Crystallization and
iti 0 1 f 1 n ft 0 ' 1
c
IIlLillIlg [JLuKN
present
Second Heating
of Composite
Foam Made in
1
Synthesis
104 °C 230 °C 19% Tg returns to normal
PS value
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Figure 5.8: DSC traces for pure PMP and a 50/50 wt% PMP/polystyrene blend.
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Figure 5.9: DSC traces for PMP/polystyrene composite foam created during the synthesis
procedure.
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5.4.2.2 Phase Morphology
The phase morphology of the blends was determined by preferential etching of
the PMP domains. Samples were prepared by first microtoming a smooth featureless
surface. Such a surface is shown in Figure 5.10 (a). The sample was then etched to
reveal the structure of the polystyrene phases. Micrographs of the structure found in a
50/50 wt% PMP/polystyrene blend are shown in Figure 5.10 (b) and (c). Morphologies
of blends having a range of compositions are shown in Figure 5.11. With the exception
of the composite foam sample, these blends all show co-continuous morphologies with
structures very different than would be found in blends made using conventional melt-
mixing techniques. Etching of the composite foam sample did not reveal any underlying
phase structure.
Blends that had not undergone the post-reaction phase of the synthetic scheme
were also etched to see whether the post-reaction had an effect on the phase morphology
in addition to the "healing" of the small pores mentioned in section 5.4.1. Micrographs
of these samples are shown in Figure 5.12. These blends have phase morphologies that
are identical to those blends undergoing the complete reaction scheme, with the exception
of the presence of the small pores. This indicates that the blend morphology is stable at
100 °C under a nitrogen atmosphere.
For comparison with the blends made using SC CO2, PMP/polystyrene blends
were extruded using a single screw Brabender extruder. Micrographs of these blends are
shown in Figure 5.13. In these blends, the PMP exists in what appear to be spherical
domains. Fracture surfaces (see Figure 5.28) reveal that they are actually cylindrical in
nature. This is in contrast to the co-continuous morphologies of the SC CO2 prepared
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blends. Extruded blends containing 50% and 75% polystyrene have nearly identical
morphologies, with polystyrene as the continuous phase. Figure 5.13 (b) is a micrograph
from a compression molded plaque made at 275 °C from a 50/50 wt% extruded blend. In
this sample, the phase domains are extremely large (note different magnification) and
irregular in shape. Heating these blends above their melting point leads to very large-
scale phase separation, since the two components are immiscible.
167
(c)
Figure 5.10: (a) 50/50 PMP/polystyrene blend whose surface has been microtomed, (b)
Same surface after permanganic acid etch (raised domains are polystyrene), (c) Higher
magnification of etched surface.
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Figure 5.1 1: SEM micrographs of etched surfaces of PMP/polystyrene blends of various
polystyrene contents (after post-reaction; raised domains are polystyrene): (a) 0 wt%, (b)
21 wt%, (c)50wt%, (d)73wt%, (e) composite foam, composition unknown (no phase
structure is revealed through etching; only original topography is seen).
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Figure 5. 12: SEM micrographs of etched surfaces of PMP/polystyrene blends of various
polystyrene contents (before post-reaction; raised domains are polystyrene): (a) 19 wt%,
(b) 46 wt%, (c) 70 wt%, (d) 75 wt%.
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Figure 5.13: SEM micrographs of etched surfaces of extruded PMP/polystyrene blends
(a) 50 wt% polystyrene, (b) 50 wt% polystyrene after compression molding at 275 °C
(note different magnification), (c) 75 wt% polystyrene.
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5.4.2.3 Characterization of Polystyrene FormpH
It has been shown previously that blends prepared by this method contain no
grafted polystyrene, and that polystyrene formed within the blends is of higher molecular
weight than that formed in the SC CO2 phase.51 This was confirmed for the
PMP/polystyrenc blends created in this study. The results for blends made from different
monomer concentrations are contained in Table 5.2. The polystyrene was removed from
the blends for GPC analysis by soxhlet extraction in THF for 1 week. 85-100% of the
polystyrene was removed from each of the blends. As was found in previous studies, the
molecular weight of the polystyrene inside the blends is significantly higher than that
formed in the fluid phase. Molecular weight does not change after running a post-
reaction. As the styrene monomer concentration is increased past 12 wt%, the molecular
weight of the polystyrene formed decreases.
Transmission IR spectra of the resulting extract showed no traces of PMP, and
ATR-IR spectra of the extracted blends showed no traces of polystyrene. These data
further indicate that no grafting of the polystyrene onto the PMP substrate has occurred.
Table 5.2: Molecular weight of polystyrene formed during synthesis of PMP/polystyrene
blends
Styrene Concentration
6 wt% 12 wt% 25 wt% 36 wt%
Inside blend
(before post-
reaction)
Mn= 143K
Mw= 320K
PDI= 2.23
Mn= 249K
Mw= 479K
PDI= 1.93
Mn= 135K
Mw= 330K
PDI= 2.44
Mn= 46K
Mw= 162K
PDI= 3.50
Outside blend
(before post-
reaction)
Mn=8.3K
Mw= 16K
PDI= 1 .94
Mn= 13K
Mw=41K
PDI= 3.09
Mn= 15K
Mw= 66K
PDI= 4.26
M„= 29K
Mw= 85K
PDI= 2.93
Inside blend
(after post-
reaction)
Mn= 132K
Mw= 403K
PDI= 3.07
Mn= 173K
Mw= 363K
PDI= 2.09
Mn= 174K
Mw= 48 1
K
PDI= 2.77
M„= 5 1
K
Mw=18l K
PD1= 3.52
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5.5 Annealing Experiments
Since the blends are "kinetically trapped" due to the way in which they are made,
their morphologies can be altered if mobility of the components is allowed. A .series of
annealing experiments was performed in order to assess the stability of the blends and
also to provide a range of morphologies with which to conduct foaming experiments.
Annealing of the samples was done at ambient pressure under flowing nitrogen, and also
in S.C CO2, which provides additional mobility at lower temperatures.
5.5.1 Ambient Pressure
Blend specimens were heated under flowing nitrogen at ambient pressure to
assess their stability. No change in blend morphology was observed for temperatures
below the melting point of PMP (235 °C), even though the polystyrene should be highly
mobile this far above its Tg. Melting of the PMP substrate allows mobility of both
components and therefore further phase separation. Figure 5.14 contains micrographs of
50/50 wt% PMP/polystyrene blend samples that were annealed at 250 °C for various
lengths of time. After approximately 1 hour, the polystyrene phase domains begin to
coalesce to form much larger domains. At higher temperatures, the process is
accelerated.
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Figure 5.14: SEM micrographs of etched surfaces of 50/50 wt% PMP/polystyrene blends
that have been annealed at 250 °C and ambient pressure, (a) 0 hours, (b) 1 hour, (c) 5
hours, (d) 24 hours.
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5.5.2 Anncalirm in CO2
When soaking immiscible blends in CO2 prior to foaming, the morphology is
likely to change from its original state. Therefore, annealing experiments were also done
on several of the blends in SC CO2. Figure 5.15 shows the morphologies of
PMP/polystyrene blends of three different compositions before and after a one-hour soak
in CO2 at 150 "C and 6640 psi. In each case, there is coalescence of the phases into
larger domains. In the cases of blends containing 25 wl% and 75 wl% polystyrene, these
domains become spherical in nature. In SC CO2 at these conditions, both the PMP and
polystyrene phases arc mobile enough for further phase separation to occur, even though
the temperature is 85 "C below the normal melting point of PMP.
Figure 5. 16 shows micrographs of a 50/50 wt % blend annealed at these same
conditions for various lengths of time. Since phase separation continues to progress over
time in CO2, the length of time that the blend is soaked before foaming may have an
effect on the foam morphology. When foaming a homogeneous, amorphous material,
once the sample is saturated with CO2, the length of the soak period has no effect on
foam structure, since the CO2 concentration does not change and there is no morphology
or crystallinity to be altered. When foaming a blend, however, one must consider any
phase morphology changes that may occur during the soak period as well as the solubility
of CO2 in the blend as a whole.
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Figure 5.15: PMP/polystyrene blends before and after annealing for 1 hour in SC CO2 at
150 °C, 6640 psi: (a) 21 wt% polystyrene, initial morphology, (b) 21 wt% polystyrene,
annealed, (c) 50 wt% polystyrene, initial morphology, (d) 50 wt% polystyrene, annealed,
(e) 71 wt% polystyrene, initial morphology, (0 71 wt% polystyrene, annealed.
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Figure 5.16: SEM micrographs of etched 50/50 wt% PMP/polystyrene blends after
annealing in SC CO2 at 150 °C and 6640 psi for various lengths of time: (a) 0 hours, (b)
hour, (c) 24 hours.
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5.6 PMP Foams
The foaming of PMP using SC CO2 was studied to compare with the polystyrene
foams prepared (Chapter 2) as well as the composite foams (section 5.7). PMP also
proved to be an interesting material to foam in its own right, due to its unique crystal
structure.
5.6.1 Temperature Effects
Since this method of foaming relies on the depression of the Tg of the substrate by
SC CO2 to allow for cell growth, the temperature at which the material is foamed has a
significant effect on the cells produced. As discussed in Chapter 2, increasing the
temperature decreases the viscosity of the substrate material, causing the diffusivity of
CO2 within the substrate to increase. This factor leads to more rapid cell growth. In
addition, at higher temperatures, less CO2 is required to depress the Tg of the substrate
below the soak temperature. Thus, the higher the temperature, the longer the time (at a
given decompression rate) cells have to grow before vitrification.
In order to determine the minimum temperature required for foaming PMP in SC
CO2, pieces of PMP were soaked in CO2 at various temperatures while maintaining a
constant CO2 density of 0.65 g/cml No foaming was observed at temperatures below
140 °C. Remarkably, at foaming temperatures of 140 °C and higher, PMP is capable of
foaming, even though the temperature is nearly 100 °C below its melting transition. This
is in contrast to many other semicrystalline polymers such as HOPE and FEP that will not
foam with CO2 unless the foaming temperature is above the melting point of the
substrate. This ability to foam at lower temperatures is an indication that the melting
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point of PMP is depressed by the SC CO2. It has been shown that CO2 will permeate the
crystalline regions of PMP, again in contrast to other semicrystalline polymers.si The
melting points of syndiotactic polystyrene and poly(ethylene terephthalate) (PET) are
also depressed in CO2 due to high levels of gas sorption and plasticization, 86 although by
much smaller amounts than are observed here for PMP.
Micrographs of these PMP foams are shown in Figure 5.17. At 140 °C, the
sample retained its initial planar geometry, and has a structure which consists of small,
spherical cells in a matrix of solid PMP. Its density was reduced to 0.62 g/cm^ At 150
°C, the PMP is plasticized to a much larger degree, and the sample expands to fill the
diameter of the cylindrical tube in which it is made. The cells are significantly larger,
with some degree of open cell content, and they impinge upon one another. The density
of this foam is 0.32 g/cm^. At a foaming temperature of 160 °C, the foam has an even
higher percentage of open cells and a density of 0.21 g/cm^. In Chapter 2, it was shown
with polystyrene, that for these highly expanded foams, both the cell size and density
reduction is also controlled by the amount of polymer relative to the size of the foaming
vessel.
The glass transition and melting point of the PMP foams were measured by DSC
(Table 5.1). Foaming PMP did not change the melting point of the material or the degree
of crystallinity in the sample. The glass transition, which was not observed by DSC for
the unfoamed sample, was found to appear more strongly (but at the same temperature) ii
the foamed sample.
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Figure 5.17: SEM micrographs of PMP foamed using SC CO2 at a density of 0.65 g/cm^
with varying temperatures: (a) 140 °C, (b) 150 °C, (c) 160 °C.
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5.6.2 Saturation Pressure Effects
At higher pressures, the amount of CO2 incorporated into the substrate is higher,
and hence the substrate is more highly supersaturated upon release of pressure. In
addition, homogeneous nucleation theory24 predicts that as the magnitude of the pressure
drop increases, the energy barrier to nucleation decreases, leading to more cells being
nucleated within a given volume. This would lead to smaller cell sizes overall. It has
been found for amorphous polymers such as polystyrene (Chapter 2) and PMMA,24.25
that cell size does indeed decrease with increasing saturation pressure. For
semicrystalline polymers such as crystalline PET foamed in the solid state, however,
saturation pressure has been shown to have little effect on cell density or cell size due to
predominantly heterogeneous nucleation occurring at the amorphous/crystalline
interfacial regions.' i-'^
The effect of saturation pressure on PMP foam structure was studied for
decompression at a constant temperature of 150 °C. Micrographs for this series of foams
are shown in Figure 5.18. In contrast to the behavior observed for amorphous polymers,
the cell size of the PMP foams prepared at this temperature did not decrease with
increasing saturation pressure. At lower pressures, little if any foaming occurred.
Presumably, this is due to the fact that at these lower pressures, there is not sufficient CO2
incorporated into PMP to depress its melting point far enough to foam the substrate. At
4100 psi, the sample retains its initial planar geometry and very little foaming is
observed, although the density is reduced to 0.62 g/cml At 5165 psi, the density
reduction is much greater, but the sample is still planar in shape (although much larger in
size). The cell structure in this sample is very irregular. At higher pressures, the PMP
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foams to fill the diameter of the tube in which it is made, and the cell structure is more
uniform. At these pressures (at 150 °C), the PMP has essentially melted, allowing for
expansion into highly foamed samples. There is, however, very little effect of changing
saturation pressure on the size of the cells, other than perhaps a higher open cell content
in the sample made at the highest pressure. The densities of these samples are shown in
Figure 5.19. These foaming studies indicate that the melting point of PMP is depressed
to 150 °C at CO2 pressures of 4000-5000 psi. WAXD studies on PMP in CO2 could
prove very enlightening. Crystallinity and crystal structure could be monitored as
functions of CO2 pressure and temperature to observe in situ any transitions that occur.
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Figure 5.18: SEM micrographs of PMP foamed at 150 °C and varying saturation
pressures: (a) 4100 psi, (b) 5165 psi, (c) 6640 psi, (d) 8820 psi. Samples (a) and (b)
retained their initial geometry, while (c) and (d) expanded into the shape of the foaming
vessel.
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Figure 5.19: Densities of PMP foam samples as a function of the saturation pressure. All
were prepared at a constant foaming temperature of 150 °C.
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5.6.3 Effects of Added Plasticizer
Ethylbenzene was added to vessels containing PMP and CO2 at conditions where
the PMP would not foam with CO2 alone (100 °C, 4300 psi, pco2=0.65 g/cm^), in order to
determine the effect of adding a small molecule plasticizer. Ethylbenzene was chosen
because it acts as a non-polymerizing model for styrene, which is the monomer used in
the blend and composite foam syntheses. Micrographs of these foams are shown in
Figure 5.20. At concentrations less than 13 wt% ethylbenzene in CO2, no foaming was
observed. At higher concentrations, the PMP becomes plasticized enough to allow
foaming to occur, although structures are much less regular than those produced without
added ethylbenzene. The densities of these samples are plotted in Figure 5.21. These
foams exhibit an increase in crystallinity over the unfoamed substrate in contrast with
PMP foamed without added plasticizer (see Table 5. 1 ). At concentrations of 36 wt% and
higher, the PMP completely dissolves in the ethylbenzene/C02 solution, and the PMP
sprays out through the valve as a powder during depressurization.
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Figure 5.20: SEM micrographs illustrating the effects of added plasticizer (ethylbenzene)
on PMP foamed in SC CO2 at 100 °C and 4300 psi (note different magnifications): (a) 13
wt%, (b) 19 wt%, (c) 24 wt%.
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Figure 5.21 : Effects of added plasticizer (ethylbenzene) on the density of PMP foamed in
SC CO2 at 100 °C and 4300psi.
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5.7 Composite Foams
In addition to the preparation of homogeneous microcellular foams, the
preparation of microcellular foams containing two different polymer components was
studied. There are several different ways in which these types of foams can be prepared.
They can be created during the course of a blend synthesis as discussed earlier, by
running a reaction in a pre-foamed substrate, or an existing blend sample may be foamed
in a subsequent processing step. There were two initial goals for producing composite
microcellular foams: 1) to foam a substrate under conditions where it normally would not
foam by incorporation of a more "foamable" polystyrene component and 2) to foam a
blend in which the two components are phase-separated on a large enough scale so that a
composite with one phase foamed preferentially, or one with two different foam
morphologies could be created.
Polystyrene concentration and blend morphology, (in addition to the other
processing variables described in Chapter 2) should have an effect on the foams
produced. The objective was to control the composition and kinetically trapped blend
morphology, and determine how this in turn affects the foaming behavior.
5.7.1 Post-Reaction Foaming
PMP/polystyrene blends with compositions ranging from pure PMP to pure
polystyrene were foamed under identical conditions in order to determine the effect of
polystyrene content on "foamability" and the foam structure. As discussed in earlier
sections, polystyrene can be foamed at temperatures as low as 40 °C, while PMP will not
foam below 140 °C. The first set of experiments was performed at conditions of 120 °C
and 5265 psi, conditions where PMP alone will not foam. Micrographs from these
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samples are shown in Figure 5.22. Polystyrene incorporations of 50 wt% are required at
these temperatures in order for any foaming to occur. At 140 °C and 6100 psi, PMP is
capable of foaming, but to a much lesser degree than polystyrene. The structures of
composite foams made under these conditions ranged from one similar to pure PMP, to
more highly expanded foams like pure polystyrene (Figure 5.23). At 150 °C and 6640
psi, both PMP and polystyrene form highly expanded foams. Blends containing 25 wt%
and 75 wt% polystyrene foamed similarly to PMP (Figure 5.24). The 50/50 blend,
however, produced larger cells. All of these foams have uniform cell structures on a size
scale larger than the phase domains. Therefore, the cell walls of these foams consist of
both components. Etching the composite foam samples was unsuccessful in revealing the
phase structure within the cell walls.
Densities of the blends and composite foams produced at all three sets of
conditions are plotted in Figure 5.25. Incorporation of polystyrene increases the density
of the unfoamed blends, because it has a higher density. More polystyrene leads to lower
foam densities, however, as the blends are able to foam to a larger extent.
Since the phase morphology of the blends changed after soaking in CO2, the
effect of soak time on foam morphology was also examined for a blend containing 50
wt% polystyrene. Phase morphologies after the CO2 soak but prior to foaming, and the
resultant foam structures are shown in Figure 5.26. Soaking for 24 hours before
depressurizing leads to a slightly coarser phase morphology than the 1 hour sample, but a
much smaller foam structure.
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Figure 5.22: SEM micrographs of PMP/polystyrene blends of varying compositions
foamed at 120 °C and 5265 psi: (a) 50 wt% polystyrene, (b) 72 wt%, (c) 100 wt%.
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Figure 5.23: SEM micrographs of PMP/polystyrene blends of varying compositions
foamed at 140 °C, 6100 psi: (a) 0 wt% polystyrene, (b) 26 wt%, (c) 50 wt%, (d) 73 wt%,
(e) 100 wt%.
Figure 5.24: SEM micrographs of PMP/polystyrene blends of varying compositions
foamed at 150 °C and 6640 psi: (a) 0 wt% polystyrene, (b) 21 wt%, (c) 47 wt%, (d) 73
wt%, (e) 100 wt%.
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Figure 5.25: Densities of dense and foamed PMP/polystyrene blends.
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Figure 5.26: Effect of blend phase morphology on foam structure for 50/50
PMP/polystyrene blends foamed at 150 °C: (a) Morphology after 1 hour soak, (b) Foam
structure after 1 hour soak, (c) Morphology after 24 hour soak, (d) Foam structure after
24 hour soak.
1
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5.7.2 Polymerizations in Foamed Substrates
In addition to using dense substrate materials, styrene polymerizations can also be
conducted within a foamed substrate. It was hoped that in addition to providing a
technique for modification of a pre-formed material, it would also provide direct
microscopic comparison of the polystyrene formed within the substrate (cell walls) and
that formed in the fluid phase (within the cells).
A PMP foam created at 150 °C and 6640 psi was used as a substrate in two
different reaction schemes. This structure is shown in Figure 5.27 (a). In the first
reaction scheme, 6 wt% styrene and 0.3 mol% AIBN were added to the vessel along with
the foam substrate. The sample was soaked at 40 °C and 1500 psi for 5 hours. The
temperature was then increased to 80 °C and the reaction allowed to proceed for 1
8
hours. The styrene/C02 solution was then drained off and a post-reaction was run at 80
°C under nitrogen for 6 hours. The resultant blend contained 19 wt% polystyrene and is
shown in Figure 5.27 (b). The substrate almost completely collapsed during the reaction,
leaving behind a blend with only very small pores. Reaction temperatures of 100 °C
caused complete collapse of the substrate (Figure 5.27 (c)). Based upon these results,
conducting reactions within a pre-foamed substrate was deemed unsuccessful for the
preparation of PMP/polystyrene composite foams. It might be successful, however, with
a substrate such as FEP that is not as highly plasticized by the SC CO2 and would
therefore be less likely to collapse during the reaction.
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Figure 5.27: SEM micrographs of PMP/polystyrene blends prepared using a foamed PMP
substrate: (a) PMP substrate foamed at 150 °C, 6640 psi. (b) Blend containing 19 wt%
polystyrene prepared with 80 °C reaction temperature, (c) Blend containing 24 wt%
polystyrene prepared with 100 °C reaction temperature.
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5.7.3 Foams from Extruded Blends
Foaming of PMP/polystyrene blends prepared using SC CO. yielded uniform
foam structures because the size scale of the phase domains was smaller than the cellular
morphology. In order to make foams that have one component foamed preferentially
over the other, or foams having two different cell structures, larger and more regular
phase domains were necessary. Blends of this type were made by extrusion as discussed
in section 5.4.2.2.
Extruded blends containing 50 wt% and 75 wt% polystyrene were foamed at three
different temperatures, with the same CO2 density (0.65 g/cm^). The densities of these
samples are shown in Table 5.3. Foam structures were determined by viewing the
fracture surfaces of the blends/foams. Microtoming the surface smeared the cells so that
no structure was visible. At 40 °C, no pores were visible in either composition blend.
The observed reduction in density most likely resulted from debonding between the
phases, similar to what was observed for the FEP/polystyrene blends described in
Chapter 4. The 50/50 wt% blend exhibited slightly increased density reductions at 80 °C
and 100 °C, but did not show clear pore structures.
Fracture surfaces of the 25/75 wt% PMP/polystyrene extruded blend as well as its
foams are shown in Figure 5.28. At 80 °C, there is a definite pore structure evident in the
polystyrene phase. Expansion of this phase is still somewhat limited by the PMP
domains. At 100 °C, this phase is much more highly expanded with the PMP domains
still existing as solid regions dispersed throughout the foam structure. Higher
temperatures would most likely result in uniform foam structures similar to those created
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from the blends made in SC CO2, because the initial phase morphology would not be as
crucial as the composition in determining the final foam structure.
The compression molded plaque made from the 50/50 wt% extruded blend (see
section 5.4.2.2) was also foamed in order to see what type of structures would result from
a material with phase domain sizes on such a large size scale. A piece of this plaque was
foamed in CO2 at 80 °C and 3530 psi. The foam had a density of 0.78 g/cm\ The
structures of the foam and original plaque are shown in Figure 5.29. It should be noted
that the domains are quite different in size and shape depending on the location within the
plaque. Therefore, the foamed domains are shaped differently than the original phase
domains shown because the samples were cut from different areas within the same
plaque. Nevertheless, it can be seen that the irregularly shaped polystyrene domains did
foam, while the PMP regions did not.
Table 5.3: Densities of extruded PMP/polystyrene blends and their foams
Solid 40 °C Foam 80 °C Foam 100 °C Foam
(g/cm^) (g/cm^) (g/cm^) (g/cm')
Polystyrene 1.04 0.89 0.36 0.29
25/75 PMP/PS 1.00 0.86 0.67 0.56
50/50 PMP/PS 0.93 0.79 0.74 0.62
PMP 0.83 * * *
198
(a)
(c)
Figure 5.28: Fracture surfaces of 25/75 PMP/polystyrene extruded blend and foams: (a)
Extruded blend, (b) 80 °C foam, (c) 100 °C foam.
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Figure 5.29: (a) 50/50 PMP/polystyrene compression molded plaque, (b) Foamed at 80
°C, (c) Higher magnification of foam cells.
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5.8 Conclusions
Composite foam structures have been successfully prepared from
PMP/polystyrene blends, either made using SC CO2 or by extrusion. The preparation of
these blends by free-radical polymerization of styrene in SC COz-swollen PMP was
studied in detail and the blends were fully characterized. Both dense and expanded
blends were prepared, depending on the temperature of reaction and concentration of
monomer used. Composite foams made in the synthesis procedure were found to have
induced miscibility and very irregular cell structures. Dense blends with a wide range of
compositions and kinetically trapped phase morphologies were prepared.
Annealing studies were conducted on the blends prepared in CO2 to assess their
stability, both at ambient pressure and in CO2. Under ambient conditions, the blend
morphologies are stable below the melting point of the PMP substrate. In CO2, the
mobility of both components is enhanced at temperatures even well below the melting
point of PMP, allowing large-scale phase separation to occur at 150 °C.
The foaming behavior of PMP in CO2 was studied in order to compare with the
polystyrene foams and composite foams produced. PMP foams can be prepared at
temperatures of 140 °C and higher, despite PMP's melting point of 235 °C. This is in
contrast to many other semi-crystalline polymers that must be above their melting points
in order for foaming to occur, and is due to the permeability of CO2 in both the crystalline
and amorphous domains, which depresses the melting point. As has been observed for
other semi-crystalline polymers, saturation pressure does not have a significant effect on
cell structure due to heterogeneous nucleation at the crystalline interfaces. High
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concentrations of ethylbenzene (or styrene) plasticize PMP and allow foaming to occur at
much lower temperatures than with CO2 alone.
Composite foams were prepared by foaming blends in a separate processing step.
The blends made in CO2 had phase domains on a size scale smaller than the cell
structures, and so uniform foam structures were produced. Both blend composition and
phase morphology were found to affect the final foam structure. Extruded blends having
larger phase domains led to reduced density structures in which only the polystyrene
domains were foamed. Addition of a "foamable" component to a "non-foamable"
material does not allow foaming to occur at lower temperatures unless the foamable
material is the major component. The more rigid material restricts expansion and limits
foaming.
5.9 Future Work
Since so little work has been done on microcellular composite foams, there are
many areas that would be interesting to study. For example, the polystyrene could be
extracted from a composite foam (using an appropriate solvent) to create open-cell foam
structures. The foaming of polymers containing non-foaming particles or fibers could
also be studied. Would fibers orient during foaming? Would they bridge cells or follow
the flow of the polymer? Would surface active particles be preferentially located within
the cells? Complimentary studies to the foaming of blends could also be done on block
copolymers.
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APPENDIX
DERIVATION OF SPECIFIC ENERGY OF DENSIFICATION
A collapse ratio can be defined as
(1) A^-^
where Lo is a length of non-densified material and Ld is the associated length after
collapse occurs. Conservation of mass on a differential element leads to an equation that
can be used to calculate a value for the collapse ratio in terms of the densities of the non-
densified and densified regions (po and pj respectively) and their corresponding cross-
sectional areas (Aq and Aj).
(2) A = p^ Aro o
Through a force balance, the stress in the densified region, Qd, can be defined in terms of
the stress required to densify the untransformed material, Go, (i.e. the value of stress in
the collapse plateau).
(3) A,c7, ^A^a^
Considering that damage is the only source of irreversibility, and assuming isothermal
conditions, the thermodynamics of damaged material require that
(5) TS^=-%-o^^s,
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where g is the Gibb's potential energy density. An equation for g can be written using
the chain rule by considering that the state variables defining it are stress, temperati
and damage density (p).
ure
(6) 8 P + T +
The second term drops out due to the assumption of isothermal conditions. Simce
(7)
^8
equation (7) can be substituted into equation (6) to yield
(8) - as
(9) TS: = - P
In a manner analogous to the Griffith condition, now consider that:
(10) g = TT + yp
where 7i is a potential energy and y is the energy required to densify the material. Taking
the derivative of this equation and substituting into (9) give the condition of minimum
entropy production:
(11) TS: = -
^71
Kdp
+ 7 p =0
This equation yields two solutions: a trivial case or
(12) r
dn
Tp
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For a representative volume element V^AoU, (12) can be integrated to give an
expression for the change in potential energy:
(13)
By definition:
(14)
An =
-jy Ap dV
An = - j r ^ p d V
where F is the strain energy and U in the internal energy. Assuming that no heat
liberated during the deformation process:
is
(15) An = AF - AW
Substituting equation (13) into this equation yields:
(16) rApV = AW-AF
By ignoring the transition region that is formed within the compression sample, the
damage transformation can be considered to occur in a step function:
(17)
L
I = —
(18) p^O^{l^,A„}
Considering an elemental element of volume V=AoAL, the work done on the system
be calculated by multiplying force times distance:
(19) AW = cr^,A,AL
Substituting this into equation (16) gives:
(20) 7A^^AL = ^,A,AL-AF
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The change in strain energy is given by:
(21)
1 (7
AF = -
2 1 £,
"
Substitution into (20) and simpHfying gives;
(22) r = cr, --
O ()
Rearrangement and use of equation (4) gives:
(23) (A)
(24) r
1 1
I o
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